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ABSTRACT

An experimental and analytical study of

Thermoacoustic Convection (TAC) heat transfer in gravity

and zero-gravity environments is presented. The

experimental apparatus consisted of a cylinder containing

air as fluid. The side wall of the cylinder was

insulated while the bottom wall was allowed to remain at

the ambient temperature. The enclosed air was rapidly

heated by the top surface which consisted of a thin

stainless steel foil connected to a battery pack as the

power source. Thermocouples were used to measure the

transient temperature of the air on the axis of the

cylinder. The output of the thermocouples were displayed

on digital thermometers and the temperature displays were

recorded on film using a high-speed movie camera.

Temperature measurements were obtained in the

zero-gravity environment by dropping the apparatus in the

2-seconds Zero-Gravity Drop Tower Facilities of

NASA-Lewis Research Center. In addition, experiments

were also performed in the gravity environment and the

results are compared in detail with those obtained under

zero-gravity conditions.

A conduction-only numerical heat transfer model was

developed to compute the transient air temperature in the

cylindrical geometry. For the purposes of comparison, the



experimental

employed in

compared to

significance

geometry and boundary conditions were

this numerical model. The results are

the experimental data to determine the

of the thermoacoustic convection heat

transfer

transfer to the air measured during

consistently higher than that

conduction-only solution.

A one-dimensional TAC numerical model was

the experiments

obtained by

mechanism. It is observed that the rate of heat

is

the

developed

to determine the unsteady temperature distribution in the

enclosed air. This numerical model is similar to those

studied in earlier investigations of thermoacoustic

convection heat transfer. The governing equations were

numerically integrated employing the transient

heater-surface temperature measured in the experiments.

The numerical results show that the variations in the

non-dimensional air temperature with time agree

qualitatively with those measured in the experiments.

The numerical model used does not take into account all

of the experimental conditions and therefore no attempt

is made for a quantitative

experimental results and

profiles based on this model.

comparison between the

the computed temperature

_v
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CHAPTERI

INTRODUCTION

Material processing in space has received a great

deal of attention in the past two decades. There is

enough evidence to show that materials produced in space

would be superior in

earth. When density

fluid, gravity induces

inhomogeneity problems

quality to those manufactured on

differences are present in a

fluid motion which may cause

during material processing and

manufacturing on earth. Therefore, conditions of

weightlessness in space can provide a unique environment

for manufacturing processes where buoyancy-driven fluid

circulation is undesirable. Crystal growth is one

example that shows the advantages of manufacturing in

space. Buoyancy-driven fluid motion

cause inhomogeneities in crystals

gravitational field. These, in turn,

has been known to

that are grown in a

may cause serious

problems in the performance of integrated circuits and

other electronic devices that are made of such crystals.

Therefore, crystals that are grown in space are expected

to produce better electronic components. Another

advantage of manufacturing in a low gravitational field

(or more accurately, conditions of near weightlessness)

is the elimination of container contamination in the

solidification of melts. Since solid boundaries are not



needed to hold fluids in space, problems arising due to

reactions between fluids and container boundaries can be

eliminated.

In most applications of material processing, fluids

are either heated or cooled. Therefore, it is essential

to establish a clear understanding of the extent and

nature of heat transfer in space and the factors on which

it depends in order to utilize its effects to the best

advantage [I].

In the conditions of weightlessness and with the

absence of other driving forces for natural convection

(e.g., vibrations, electromagnetic forces, etc.),

conduction becomes the dominant heat transfer

mechanism. However, in most practical situations in space

as, for example, within a space vehicle, fluid motion and

convection heat transfer exist due to a variety of forces

such as g-Jitter,

electromagnetic forces,

This study focuses

surface tension, vibrations,

and thermal volumetric expansion.

on a convection heat transfer

mechanism which exists solely due to thermal volumetric

expansion and where it is assumed that all other driving

forces for natural convection are either non-existant or

negligible.

Thermoacoustic Convection (TAC) is a heat transfer

mechanism driven by thermal volumetric expansion. It is

defined as energy transport by pressure waves that

2



propagate at acoustic speed in a fluid mediur . These

waves are generated by rapid addition of heat at a fluid

boundary or within the body of the fluid by processes

such as chemical reactions or by absorption of

electromagnetic radiation. The basic mechanism by which

these acoustic waves are generated is as follows: when

the internal energy of a fluid particle is suddenly

increased, the volume occupied by the fluid particle

increases. This sudden volume expansion produces pressure

waves that induce convective motion and enhanced heat

transfer rate.

One of the main motivations in the investigation of

TAC is in space applications. Manufacturing processes,

cryogenic storage, and fluid handling processes in space

may all include large TAC heat transfer rates. The TAC

heat transfer mechanism is also of fundamental scientific

interest. There is, however, an almost complete lack of

experimental evidence on the significance of TAC. Above

considerations led the Overstudy Committee on Fluid

Physics, Thermodynamics, and Heat Transfer Experiments in

Space to recommend a series of TAC experiments to be

prformed in space [2].



CHAPTERII

LITERATURE REVIEW

In this chapter a brief

background

presented.

the early

followed by a more

investigations on TAC.

review of the historical

of thermoacoustic convection heat transfer is

The review begins with a brief discussion of

observations on thermoacoustic oscillations

detailed description of recent

Sondhauss and Rijke Oscillations:

Thermoacoustic oscillations can be generated in a

gas-filled tube with one open end and one closed end when

thermal energy is transferred to the gas either

internally or externally at the closed end. Sondhauss

investigated this physical phenomenon and found that

sound is produced when a steady flame is applied to the

bulb at the closed end of a glass tube filled with air.

A schematic diagram of a Sondhauss Tube is shown in

Figure II-l. Sondhauss discovered that the heat addition

at the bulb of the tube caused the air to oscillate and

produce a sound which is characteristic of the tube

dimensions. Furthermore, he also found that the

vibration of the tube itself did not play a major role in

inducing these oscillations. Sondhauss

first account on such TAC oscillations in

4

published his

1850 but did
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Figure II-l. Sondhauss Tube



not, however, explain the physical mechanism causing the

production of sound [3].

The first explanation of the physical aspects

involved in the generation of Sondhauss Oscillations was

offered by Rayliegh [4]. His criterion was stated as

follows:

If heat be added to the air at the moment of

greatest condensation (compression) or taken

from it at the moment of greatest rarefaction,

the vibration is encouraged.

Rayliegh did not offer any proof for his criterion. But

it is clear that Raylieh criterion is fulfilled in a

Sondhauss tube since heat is transferred to the air at

the bulb where the pressure is highest.

Feldman performed the most successful experimental

study on Sondhauss Oscillations [5], and [6]. His work

shows that acoustic Oscillations do not occur unless the

rate of energy addition to the fluid exceed a certain

minimum value. He also pointed out that the shape of the

cavity plays an essential role in the production of

sound. Furthermore, Feldman also found that the heat

addition must occur at the section where the gas pressure

and velocity are appreciable

When a steady heat source is applied near the bottom

end of a vertical gas-filled tube with both ends open,

gas oscillations occur and sound is produced. These

6



oscillations are called Rijke Oscillations. Such a tube

is called Rijke Tube and is shown in Figure II-2. Rijke

discovered these thermoacoustic oscillations in 1859 [7].

He found that the upper end of the tube must remain open

in order to generate such oscillations and thus concluded

that the natural convection inside the tube encourages

the vibrations in the gas. Furthermore, Rijke found that

the oscillations are strongest when the heat source is

located near the bottom end at a distance about

one-fourth the length of the tube.

Just like Sondhauss, Rijke did not offer a

substantial explanation of the physical mechanism

involved in the generation of these oscillations.

However, Rayliegh showed that the oscillations in Rijke

Tube are composed

superimposed on

natural convection. Rayliegh

thermoacoustic oscillations

criterion is fulfilled, that

of compression

a steady upward

also

are

is,

and expansion waves

gas flow caused by

observed that such

encouraged when his

when the heater is

located at the point of maximum pressure.

A series of analytical and experimental studies were

performed in order to establish an understanding of such

oscillations (see References 8-16). These investigations

showed that Rayliegh criterion must be fulfilled for such

oscillations to occur. However, a complete understanding
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Natural, Forced or Mixed
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Figure II-2. Rijke Tube



¢f the physical mechanism involved in Rijke Oscillations

does not exist.

Thermoacoustic Convection in Completely Confined Fluids.

In 1967 Larkin performed the first analytical

investigation on thermoacoustic convection [17]. He

applied numerical computation to solve the governing

equations describing a one-dimensional heat transfer

model. Transient spatial velocity, density, temperature,

and pressure distribution were determined using a medium

filled with helium gas and enclosed between two infinite

parallel plates to simulate a one-dimensional heat flow.

At t°<0 the temperature of helium was assumed to be

uniform and equal to T_(273°K), at £>0 the temperature of

one boundary is suddenly raised to 2T_(546°K) while

keeping the other plate at its initial temperature.

Because of the Zero-Gravity environment, no buoyancy

force exists in the momentum equation. However, even in

the absence of gravitational forces, Larkin found that

thermal gradients could induce fluid motion as a result

of fluid compressibility. The calculated fluid velocity

showed thermally-induced convective oscillatory motion of

an acoustical nature. The calculated spatial temperature

distribution showed higher values than those obtained by

pure conduction solution. Thus based on the results



obtained from the example problem, Larkin concluded the

following:

I. The acoustical nature of the fluid motion

suggests that thermoacoustic oscillations were generated.

2. Fluid oscillations introduced a convective mode

that greatly enhanced the rate of heat flow.

3. The rate of pressure rise in the fluid is much

higher than that predicted by a conduction solution.

In 1971, the so called Heat Flow and Convection

(HFC) Experiments were conducted by astronaut Roosa

aboard the Apollo 14 spacecraft. The objective of these

experiments was to study heat flow patterns and fluid

behavior in a reduced gravitational field. The "zone

heating" experiments involved heating two glass

cylinders,one containing distilled water and the other

containing a 20 percent sugar solution. The transient

temperature data obtained during the flight were higher

than those obtained based on a conduction-only solution.

In the "radial heating" experiments a closed disk-shaped

layer of carbon dioxide was heated by a center post

heater Figure II-3 presents a comparison of the

temperature predictions, based on a conduction and

radiation solutions, and the actual flight data.

Analytical studies by Grodzka, Fan, and Hedden

suggested that

measured during

[18]

the increase in the heat transfer rate

the Apollo 14 flight was caused by

I0
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thermoacoustic convection. These

out that the rate of energy addition to the

dictates the magnitude of the effects of TAC.

The radial heating experiments were repeated

studies also pointed

fluid

during

the Apollo 17 flight

improved and extended

experiments. Instead of

in 1972.

versions

Carbon

These experiments were

of the Apollo 14

Dioxide, Argon gas was

used as the working fluid. Typical results of the Apollo

17 experiments are presented in Figure II-4. An analysis

of the results by Bannister, et al.

following cQnclusions:

I. Thermoacoustic Convection

[19] led to the

effects were

negligible during the Apollo 17 heating experiments.

2. The rates of heat addition to the fluids (7.5

Watts) were not sufficient to generate any TAC.

3. The high heat transfer rates observed in the

Apollo 14 experiments were probably caused by spacecraft

vibrations and g-jitter which were less severe on the

Apollo 17 flight.

In 1973 L.W. Spradley, S. V. Bourgeois, C. Fan,

and P. G. Grodzka presented an in-depth analytical

investigation

problem [20].

behavior of

understanding

manufacturing.

of one-dimensional TAC heat transfer

This study was initiated to explain the

the Apollo 14 data and to develop an

of the low gravity convection in space

Spradley, et al. considered a

12
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one-dimensional heat transfer in both radial and planar

models. The latter consists of two infinite parallel

plates bounding a compressible newtonian fluid. The heat

flow is one-dimensional and is described in a cartesian

reference frame. Radiation heat transfer and viscous

dissipation were neglected. Ideal gas equation was used

and all thermal properties were assumed constant.

Since in this study an analytical model similar to

Spradley, et al. will be employed, it is appropriate to

describe in more detail this one-dimensional TAC model

and formulate the applicable governing equations.

A sketch of the geometry of the problem considerd by

Spradley, et al. is shown in Figure II-5.

The governing equations for this problem are:

Continuity:

8 8

Ot (p')+ --(P'U')=O (2.1)Ox'

Newton's 2nd Law:

Energy:

8 a a P' 4 02 u'

at'(P'U')+Ox'--(P'u'u')= ----clx+ 3P'0x,2
(2.2)

14

aT' aT' au' O2T '
p'c' _ + p'c' u' - - P' _ + k' _ ( 2.3 )

v 0t' v ax' ax' Ox ,2



Heated Wall

,,= i i / i I/IFIi i i / I i x,;o
° 1

XI

Compressible Fluid

I

T' =T

°i1171111111111111
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Equation of state:

P' = p' R'T' (2.4)

The boundary and initial conditions are:

Velocity:

v_x',_=0 )=0

no slip condition at the wall (2.5)

Fluid initially at rest (2.6)

Temperature:

T'(x',_=O)=T_

T'(x_O,_)=To

r'(x_g,£)=T o

Initially isothermal

Heated wall

Isothermal wall at _=L

(2.7)

(2.8)

(2.9)

Pressure :

:0

0X' t'=0

No body forces (2.10)

Density:

P

p'lx', t' = O) = -----2-°
R'T

Equation of state (2.11)

Equations (2.1) to (2.11) define the mathematical

model for analysis of Thermoacoustic Convection in

zero-gravity used by Spradley, et al. This model is

also employed in this study with appropriate necessary

modifications.

Since the problem involves pressure waves which

16



propagate at acoustic velocity, the velocity of sound was

used by Spradley, et al. as the characteristic velocity.

The characteristic time used was the time required for

the wave to travel the length of the container. The

characteristic pressure, density, temperature, and length

used in the non-dimensionalization of the equations were

)

chosen as P'o, Po, To, and C, respectively.

The non-dimensional equations become:

Continuity:

8p
+ --(pu)=0 (2.12)

8t 8x

Newton's 2nd Law:

O 8P 4(l )a2uO (pu) + (puu) +
_t 8x 8x 3 _ee ,gx"

Energy:

OT 8T Ou ( y )02up _- + pu Ox -(y-l)P _ += Ox _ 8x 2

State:

(2.13)

(2.14)

P=pT (2.15)

17



The dimensionless initial and boundary conditions are:

U(x,t=0)=0 ,

U(x=0,t)=U(x=l,t)=O

r(x=0,t):T'., /To

T(x=l,t):l

The dimensionless

are:

T(x,t=O)=l

groups

, p(x,t=0)=l (2.16)

(2.17)

(2.18)

(2.19)

which appear in the equations

Prandtl Number

Reynolds Number

[I' C'

Pr- P
K

o
Re-

Peclet Number Pe = Re-Pr

Ratio of specific heats ¥ =C'/C'
p %-

An explicit finite difference scheme was applied to

solve the dimensionless equations. The unsteady form of

the equations was used to study the transient behavior of

the problem. The explicit approach with the unsteady

equations allowed a forward-marching algorithm in time to

be employed. Forward time differences were used on the

unsteady terms and space centered differences were used

on all space derivatives except the convection terms

where a "flip-flop" forward-backward scheme was used to

eliminate numerical instability.

18



The results obtained by Spradley, et al. are

presented in Figures II-6 and II-7.

Figure II-6 shows the calculated dimensionless

velocity profile as a function of time for the first 400
-6

time steps using a time increament of 5 x I0 seconds.

This figure shows an oscillatory behavior for the fluid

velocity. The small period of oscillation of the fluid

velocity clearly indicates the acoustic nature of the

fluid motion.

The calculated spatial temperature profile at t=0.2

seconds is shown in Figure II-7. This figure shows much

higher temperature values than those obtained by pure

conduction solution. At t=0.2 seconds the calculated

temperature profile is seen to be much closer to steady

state values than a solution corresponding to pure

conduction heat transfer mode. These results indicate

that TAC is an effective heat transfer mechanism in

enhancing the rate of energy transport.

The solution for the temperature field obtained by

Larkin [17] is also presented in Figure II-7. It is

interesting to note that although the maximum amplitude

of velocity for the first few waves calculated by Larkin

are one order of magnitude higher than that calculated by

Spradley, et al. the temperature profiles obtained by

both methods are in perfect agreement.

Krane and Parang have performed a scaling analysis

19
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of this problem [21], using the same one-dimensional

model as in Spradley, et al.. This study accomplishes

several objectives. First, it proves conclusively that

dissipation terms in the energy equation remain small

throughout the heating process. Second, the study shows

that a small non-dimensional parameter exists in the

problem which represents the ratio of the characteristic

time for TAC heat transfer

characteristic time of heat

Finally, the dominant terms in

process to that of the

diffusion by conduction.

the governing equations

are determined and the equations are simplified. Krane

and Parang, however, do not solve the simplified

equations.
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CHAPTERI II

THE EXPERIMENTALINVESTIGATION

Design Of The Experimental Apparatus

The apparatus consists of a cylinder containing air

as the compressible fluid. The side wall of the cylinder

was insulated to insure a one-dimensional heat flow. The

bottom wall could either be placed in contact with dry

ice to cool the air inside or be allowed to remain at the

ambient temperature. To eliminate buoyancy effects in

ground experiments, the top surface of the cylinder was

chosen as the boundary subject to heating. Battery packs

were used to supply electric power to the heater. Using a

series of thermocouples, the transient temperature of the

enclosed air was measured at four locations along the

axis of the cylinder during the heating process. The

output of the thermocouples were displayed on Omega model

450-AET digital thermometers. These displays were filmed

during the flight using a high speed camera. A control

circuit was designed and constructed to initiate and

terminate the heating process and to operate the camera

and lights. As shown in Figure III-l, the apparatus was

was dropped in the

Facilities of NASA

mounted on an aluminum frame which

2-seconds Zero-Gravity Drop Tower

Lewis Research Center.

The fluid container that was used in the
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experimental investigation of TAC is a steel circular

cylinder with a diameter of one foot. In order to

determine the effects of container geometry on TAC, the

cylinder was designed such that its height could be set

at either one foot or one-half foot. Sheets of fiberfrax

ceramic insulation were glued to the side wall of the

cylinder (Figure III-2). The insulation average thermal

conductivity and thickness were 0.066 Btu/Hr. Ft.°F and

0.25 in., respectively.

dry ice could be

surface. However, early

To maximize the effects of TAC,

used to cool the bottom

tests showed that even without

using this option large temperatures differences could be

imposed on the air and thus dry ice was not used in the

experiments.

The design of the heating element was the most

important and critical task in the investigation. A great

effort was devoted to insure that the rate of increase of

temperature at the heated surface would be as high as

possible. Furthermore, this rapid increase in the

surface temperature had to be achieved within the two

seconds of experimental time and the battery pack weight

limitations imposed by the flight. The heating element

consisted of a stainless steel foil (type 301) connected

to the packs of batteries. The foil electric resistance

and thickness

respectively. As

were o. 1

shown in

25
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32 or 16 volts
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12 or 6 in.

f
/
/

/
/

/
/
l

e

l_rmocounle

12 in.

X !

Busbar

Steel Foil

Insulation

Figure III-2. Schematic Diagram of the Experimental

Apparatus.
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Top Disk

Figure Iii-3. Schematic Diagram of the Heating

Element.
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foil was attached to copper busbars to maintain a uniform

flow of electric current during heating. These busbars

were fastened to the top disk of the cylinder by means of

six bolts for each busbar as shown in Figure III-4. Lead

acid batteries were used to heat the steel foil. These

batteries can release a large amount of power over a

short period of time. Two battery packs were connected in

parrallel to insure minimum variation of the power input

to the foil during the heating process. The voltage

across the foil was measured prior and during the

heating. The two different battery packs used as the

power source in the experiments provided 32 volts and 16

volts potential difference across the foil. Since the

resistance of the heating foil prior to the heating was

known, the initial nominal power input to the foil for

the two settings were calculated to be 3610 and 1210

watts. This arrangement produced power inputs and

heating surface temperatures far exceeding that used in

the Apollo 17 HFC expereiments (by one to two order of

magnitudes for power). The surface temperature of the

foil which was measured directly throughout the

experiments was used in all the subsequent calculations

and the results presented in this study. Therefore, the

initial power input values given here are not used in any

calculations and are presented here only to emphasize the

power settings available in the experiments. Typical
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plots of the transient foil temperatures for two voltage

settings are presented in Figure III-5. The sharp rise in

the foil temperature was sufficient to produce a notable

rise in the air temperature near the heated surface.

Since the steel foil did not cover the entire area of the

disk, two insulated sheets of steel were used to enclose

the air directly under the

III-4).

The air temperature

heater surface (see Figure

was measured using type E

(chromel-constantan) thermocouples, since the duration of

the experiments was only two seconds, thermocouples with

very fast response were employed. The diameter of the

thermocouple is 0.001 in. and its time constant is 0.05

seconds. With x' defined in Figure III-2, four

thermocouples were placed along the cylinder axis at x=l

in., 2 in., 3 in., and 4 in. for a cylinder height of 1

ft. and at x=0.5 in., 1.0 in., 1.5 in., and 2.0 in. for a

cylinder height of 0.5 ft. Also, using the facilities

at NASA-Lewis Research Center a thermocouple was

carefully spot welded at the center of the stainless

steel foil to measure its transient temperature during

heating. Three digital thermometers were used to display

the output of the thermocouples. These thermometers can

only display three readings per second and therefore

during the zero-g drop, an average of six temperature

readings were recorded for every thermocouple location.
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Before each zero-gravity experiment, the

experimental apparatus was placed inside a special heavy

metallic shield for drag reduction and was completely

closed and balanced before dropping in the Drop Tower

Facility at NASA-Lewis Research Center. A control

circuit was designed to operate the electrical parts of

the apparatus. A schematic diagram of the circuit is

presented in the Appendix A. Using three switches

located outside the shield and on the top floor of the

drop tower, the heater and the camera were operated

without disturbing the balance of the shield. The

circuit was designed to perform the following tasks:

I. to automatically turn the heater on at a preset

time prior to the start of the drop. The preset time

varied from ten seconds (for preheating) to zero seconds

(no preheating).

2. to start the camera approximately five seconds

before dropping the apparatus, thus, allowing the camera

motor to reach a uniform speed.

3. to turn on the camera lights when heating is

initiated.

4. to trigger a timer that automatically shuts off

the lights, the camera, and the heater three second after

the start of the drop.

Using the same experimental apparatus, measurements

of the enclosd air temperature were made in the gravity
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environment to determine the effects of gravity on TAC

heat transfer.

In order to verify the accuracy of the thermometers,

a series of temperature measurements were performed under

gravity conditions using Hewlett Packard model 3497A Data

Acquisition System (DAS) and Hewlett Packard model 9826

computer. The HP 3497A can measure temperatures at a

speed that is 4 times faster than the the speed of the

digital thermometers. Also, the response time of the data

acquisition system is much faster than that of the

thermometers. Therefore, the magnitude of the error due

to the instrumentation is much smaller when this data

acquisition system is employed. In these experiments

three thermocouples were used to measure the transient

temperature of the confined air and the stainless steel

foil. The DAS was employed to measure the transient

thermoelectric voltage across each thermocouple. The Hp

9826 computer is equipped with an internal clock which

was used to determine the time of the voltage

measurements. A computer program was developed to read

and store the voltage-time data during heating. When the

heating process was terminated the voltage data was

recalled and the equivalent temperature was calculated

using a polynomial curve fit equation. The output was

obtained in the form of time-temperature tables and

temperature verses time curves for the three
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thermocouples. To verify

thermometers, several runs

data acquisition system

thermometers simultaneously.

the accuracy of the

were performed using the Hp

and the Omega digital

The computer program used

and a sample of the results are presented in the Appendix

B. The results show that the temperature data obtained

using the thermometers are in reasonable agreement with

the data recorded by the computer.

In order to improve the accuracy of the data

obtained using the thermometers, a data correction

procedure was developed to reduce the experimental error

introduced by the time delay of the thermometers. This

time delay is the time interval between the instant a

temperature measurement is made and the instant the value

of this measurement is displayed. The data was modified

by considering the temperature displayed at time t to be

the temperature measured at time (t - _t'/2), where At' is

the time interval between the last two readings. This

procedure was applied to the temperature-time data

obtained using the thermometers. Since the response time

of the data acquisition system is very short, the

correction procedure was not applied to the data recorded

by the computer

runs were also

results indicate

Finally, the corrected data for three

compared to the computer output. The

that the corrected data is in good
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agreement with the HP data and therefore the error due to

the thermometers response time is eliminated.

Experimental Procedure

The heater batteries were charged for 20-30 minutes

following each drop. During this time a thorough check

of all the parts of the apparatus was performed. The

heating element was disengaged from the power source and

the open-circuit voltage of the heater batteries was

measured and recorded before and after recharging. The

wiring of the heater was thoroughly checked prior to each

experiment. The lights and timer were also checked by

operating the circuit while the heater and the camera

were disconnected. To determine the initial nominal

power input to the heater for the two voltage settings

used, the closed-circuit voltage of the heater batteries

was measured during the experiments performed under

gravity conditions. When the enclosed air temperature

reached a uniform value, the apparatus was dropped in the

2-seconds Zero-Gravity Drop Tower Facility at NASA-Lewis

Research Center.

Keeping the thermocouple attached to the heater was

the only major problem encountered during the

experiments. Due to the high foil temperature and the

impact effects, the thermocouple was frequently breaking

upon impact. The problem was partially resolved, however,
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by using a thermocouple of the same type with a slightly

larger diameter (0.002 in.).

Experimental Results

The results of the experimental investigation are

presented in Figures III-6 to III-23. These results were

derived from forty experimental runs in which the

cylinder height and the heating rate were varied. Twenty

of these runs were performed under zero-gravity

conditions. Several runs were repeated three times to

insure the consistency of the data and the accuracy of

the results. Each figure consists of three curves

showing the measured non-dimensional air temperature at

two locations near the heated surface and the transient

heater temperature. Some of these figures represent the

data obtained from two or three repeated runs performed

under the same voltage setting and cylinder height. The

air temperature was non-dimensionalized using the average

heater temperature and the initial air temperature for

each run. Thus, the non-dimensional air temperature was

chosen as:

T'-T

W - o

T'* -T
0

Where T'" and T are the average heater
0

temperature and

the initial air temperature, respectively.
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Figures III-6 and III-7 show the non-dimensional air

temperature measured during free fall at x=l in. and x°=4

in. The low voltage setting (16 volts) used produced a

foil temperature near 1275 OF at {= 2 seconds. The

transient heater temperature is also shown in Figures

III-6 and III-7. The height of the cylinder was set at 1

ft. Although these figures represent the data

during two similar runs

conditionsj the results were

graphs due to the notable

heater temperature calculated

obtained

performed under the same

plotted on two separate

difference in the average

for these runs. This

difference in the average foil temperature was caused by

the amount of energy released by the batteries. It is

near impossible to recharge the batteries to the same

previous level following each run, thus, it is difficult

to perfectly control the power input to the foil.

However, some of the repeated runs show almost identical

results. Figure I I I-8 represent the data obtained from

two runs performed in the gravity environment. The same

experimental case was employed, that is low voltage

setting and long cylinder height. This figure confirms

the consistency of the results since the data recorded

during both runs are in good agreement. It is clear that

a significant rise in the air temperature was produced

even for the low power setting.

The air temperature measured at x=2 in. and x'=3
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in. is shown in Figures III-9 and III-10. Low voltage

setting was used and the cylinder height was kept at 1

ft. Figures III-9 and III-10 show the results obtained

in zero-gravity and gravity environments, respectively.

Each figure was derived from two similar runs. It is

interesting to note that although the heater temperature

was higher in the zero-g runs, the air temperature

measured under gravity conditions shows higher values

than those obtained during free fall.

Figures III-ll and III-12 present the data obtained

for the low voltage setting (16 volts) and short cylinder

case (0.5 ft.). The air temperature was measured at _=0.5

in. and 5=2.0 in. The data generated by performing

three repeated runs were used to plot each figure. The

results show that, under both gravity and zero-gravity

conditions, the non-dimensional air temperature rise at

x= 2.0 in. increases in the early heating stage and then

decrease during the rest of the heating process. This

behavior, however, does not occur at x= 2.0 in.

With the thermocouples placed at x= O, _= 1.0 in.,

and _= 1.5 in., the results of the temperature

measurements performed at low voltage setting and at

0.5 ft. cylinder height are presented in Figures III-13

and III-14. These figures show the data obtained in

zero-g and gravity fields. Unlike Figures III-ll and

III-12 which show an increase and then decrease in the
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rate of air temperature rise at x= 0.5 in., Figure III-14

indicates that the rate of air temperature rise at _= 1.0

in. is not monotonic. It is also important to mention

that while the heater temperature shown in Figure Ill-13

is slightly higher than that of Figure III-14, only the

air temperature measured at x= 1.0 in. in the

zero-gravity environment shows lower values than those

obtained, at the same location, under gravity conditions.

When the high voltage setting (32 volts) was used,

heater temperatures well above 1800 °F were recorded at

the end of the heating process. Figures III-15 and III-16

show the extent of the elevated foil temperature reached

during these experiments. Figure III-15 represent the

temperature data obtained from one run performed in the

zero-gravity field at x= O, x= 1 in., and 5= 4 in. The

cylinder height was set at 1 ft. The results obtained

under the same conditions but in the gravity environment

are presented in Figure III-16. Both figures show an

increase and then a decrease in the rate of air

temperature rise measured at the two locations. However,

this behavior is more notable in the curves showing the

air temperature at x= 1.0 in.

Figures III-17 and III-18 show the results of the

temperature measurements obtained at x= 2.0 in. and

_= 3.0 in. using the high voltage setting and the long

cylinder case (L= 1 ft.). The data obtained for the high
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volatge setting and the short cylinder height (0.5 ft.)

are presented in Figure III-19. Since the thermometers do

not display temperature readings that are above 1844 _F,

dash lines are used to indicate that the temperature

display limit was exceeded.

The transient air temperature measured during free

fall at x= 1.0 in. and at _= 1.5 in. is shown in Figures

III-20 and III-21. The voltage used and the cylinder

height were 32 volts and 0.5 ft. , respectively. The

results of the temperature measurements performed on the

ground using the same heating rate and cylinder height

are plotted in Figures III-22 and III-23. Although the

heater temperature shown in Figures III-22 and III-23 are

almost identical, the air temperature measured at x= 1.0

in. and plotted in Figure III-23 show much higher values

than those shown in Figure III-22.

An uncertainty analysis for the experimental data

was performed and, in the interest of the clarity of

presentation, are given in the Appendix F at the end of

this report.

The actual

experiments are

Appendix G.

temperature data taken during the

reproduced for convenience in the
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CHAPTER IV

THE ANALYTICAL INVESTIGATION

In the analytical study a theoretical model similar

to that of Spradley, Bourgeois, Fan, and Grodzka [20] was

developed. Instead of imposing a step change in

temperature at the heated surface, the actual transient

heater temperature measured during the experiments was

used as the temperature boundary condition at x= O.

The major tasks accomplished in this part of the

study were:

I. the development of a computer program used to

obtain polynomial curve fit equations that describe the

heater temperature measured during the experiments.

2. employing an implicit finite difference scheme

by means of which the transient temperature profiles in

the air were determined based on a conduction-only

solution using the actual boundary conditions of the

experiments. The calculated temperature distribution in

the enclosed air were compared to the experimental data

to determine the effects of TAC on the rate of heat

transfer achieved in the experiments.

3. a computer program was developed to estimate the

error in the temperature measurements due to radiation

heat transfer absorbed by the thermocouples.

4. the development and application of an explicit
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numerical

the unsteady one-dimensional

thermoacoustic convection

incorporating the experimental

algorithm similar to Spradley et al. to solve

governing equations for

heat transfer problem

boundary conditions for

both gravity and zero-gravity environments.

The Pure Conduction Solution

The solution of the conduction heat transfer problem

described by the one-dimensional time-dependent heat

conduction equation was obtained using finite difference

approximations. The air specific heat (C') was assumed
P

constant since it is relatively not a strong function of

temperature. The air density (p'} and thermal

conductivity (k) were allowed to vary with temperature

during the calculations. A schematic diagram of the

geometry of the problem is shown in Figure IV-I. The

governing equations of the conduction heat transfer

problem is given by

ST' , OT'
_k°_T') p, ,) _ (4.1)

%x' _ )= {T Cp ot'

The boundary and initial conditions are:

T'(x:0,t)=f(_)

T'(x',_=0)=T_

Heated Wall

Isothermal Wall

Initial Isothermal Condition

6O

(4.2)

(4.3)

(4.4)



Insulated---_
Surface

T!

Heated Wall, w : f (t')

i=l

o

__ 0
Node Boundary

0%_ Node Center

0 , Node

0

0

t
5x'

&

®

r_-i = 49

!

Isothermal Walls, T
o

_X' : 0

F lnsulated
Surface

x' : L'

Figure IV-I. Nodal System Used in the Conduction-Only
Numerical Heat Transfer Model.
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The transient heater temperature was

using the following curve fit polynomial.

approximated

f(t') = a t '6 + b t '5 + ct '4 + dt '3 + et '2 + g t + h

The coefficients of the curve fit equation

(a,b,c,d,e,and g) were calculated using the transient

heater temperature data recorded during the experimental

runs. The least square method was used to derive the

equations relating the experimental data and the curve

fit coefficients. These equations were then solved using

a computer program developed to calculate the curve fit

coefficients.

As shown in Figure IV-I, a grid with 49 node points

was employed. The grid spacing is designated by _x' and

the first node center is located at the surface subject

to heating. A set of linear algebraic equations

describing the transient air temperature field were

derived. The followings present a detail derivation of

these equations:

An energy balance performed on a node i yields:

i A' i A' , n+_K _ _(W_l-w[)n+_ K[ _(W[-W' )n+_ = ,nA, aT- ' - '+_ hx' ' ,+l Pi Ax'-- (4.5)
0t i
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where

and

K n

'-½ 2

Kn + K?
L ,-I (4.6)

Kn + K n
K n _ , L+1 (4 . 7)
'+_ 2

In order to avoid iteration methods, the values of

the air thermal conductivity and density evaluated based

on the previous temperature profile were used to update

the temperature distribution.

substituting

O]T , n+½ T 'n+1 _T 'ni

o_t t ,_ At

I 1(T _,- T:,)"+_= _ (T,__- T:,)"+ (T',_,- T:)°''

[
(T - T: )n+_ = ½ [(T'

t

L+! [ i -- Ti+!

equation (4.5) becomes:

' )n+lJ)n+ (T: - T i+I

:_½ K:++K .+. } ,: ,<.+ T n+l _ l-...._ Tn÷l - l÷._._ T,n+l =

At A_X,2 i AX,2 t &X,2 i+1

(2p:c;K:_++,K:++)+, K,_++n K,++_. irl

At' -- Ax 2 3 + + 2 T i+lAx,2 i-I AX'

(4.8)

Let

K_
B. -

, ,.%£2
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K
_+_

C. -- (4.10)

D' i = pC /3t (4.11)
P

.= ' c', (4.12)X 2D +B'+
1 I I I

El B' C'= 2D' - - (4 13)
1 1 [ 1

substituting equations (4.9) to (4.13) into (4.8) give

,n+l ,n+l ,n+l ,n ,n ,n

A'.T -B:T -C.'T, =E:T + B'.T +C: (4.14)L _ l ,-1 , l+l l , l _-1 Ti+l

Equation (4.14) represents a set of algebraic equations

forming a tri-diagonal matrix. These linear equations can

now be easily solved to

temperature distribution

(n+l).

calculate the unsteady

in the air at a new time level

Let

and

,n+l .n+l

Ti = cti + [3iTi+l (4.15)

,n+l ,n+l
(4.16)

T. + _BiT it-I = ai-I

where a • _, , a,_I ,and _,__ are intermediate variables.
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The substitution of equation (4.16) into equation

yields

(4.14)

,n_l ,n+l ,n+l ,n ,n

' B'T _ CiA' T - B (a + [3 T )-C_T = E'T 4- + T
L 1 L i-I 1 I l-.-I l t I l-I L l+l

(4.17)

comparing the above equation to equation (4.15) implies

1

,n ,n ,n

EIT +B'.T. +CIT. +a i_ [3il L t-I l l+l 1

Ai - "13i- l Bi

(4.18)

and

C
I

t3i- A'-
i 13i- I Bi

(4.19)

The boundary condition at x_O

writing equation (4.14) for i=2

is now introduced by

,n-el ,n+l ,n+l ,n ,n ,n

A2T _ _B;T 1 _C;Ta =E2T, z +B'2T l +.C;T3 (4.20)

comparing equation (4.20) to equation (4.15) results in

and

a 2 ----

, ,n I ,n I ,n

E2T 2 + C2T 3 + B2(T , + T TM)1 "
(4.21)

i

C 2
(4.22)
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at

computational steps:

I. the variable thermal properties of

The solution to the transient air temperature field

n+l was obtained according to the following

and p'(T'),

distribution

relating the

air, K'(T')

were calculated using the known temperature

at time level n. Curve fit equations

air density and conductivity to the air

temperature were used to determine these properties. The

coefficients of the curve fit polynomials were obtained

using a curve fit computer program and the appropriate

data from Reference [22].

2. a, and _ were determined by first calculating

A , B_ , C. , and D. and then substituting these values

into equation (4.23) and (4.24).

3. equations (4.18) and (4.19) were solved to

calculate a , and _ for i=3 to 48.

4. the air temperature at time level n÷l was

calculated by solving equation (4.15) starting with i=49

and working backward until i=3. Notice that the boundary

condition at x=L would be introduced when solving for

TI t-. o
4-

A computer program (Appendix C) was developed to

solve the set of the tri-diagonal equations given by

equation (4.14). The results obtained are discussed in

the next chapter.
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Estimation Of The Effects Of Radiation Heat Transfer On

The Temperature Measurements

Due to the high heater surface temperatures achieved

during the two seconds heating process and the small

diameter of the thermocouple used in the experiments, it

is expected that the radiation emitted by the stainless

steel foil produces significant effects on the

thermocouple output. A preliminary estimation of such

effects showed that the radiation heat transfer to the

thermocouple located at x'=l.0 in. causes a temperature

rise of approximately 14 OF + 6 OF when the low voltage

setting (16 volts) is employed. Since the radiation

effects are appreciable, a more accurate analysis of the

radiation problem was performed by developing a computer

program to calculate the transient temperature rise of

the thermocouple caused solely by radiation heat

transfer. The following assumptions were utilized in

deriving the governing equations:

I. The radiation emitted by the side wall and the

bottom surface of the cylinder are negligible.

2. The radiation reflected at the bottom surface

has small effects on the measured temperature.

3. The absorptivity of the thermocouple is 1.0.

4. The configuration factor F___ was calculated

assuming the steel foil covers the entire area of the top

surface of the cylinder.
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5. Negligible absorption and scattering of the air

medium.

Assumptions 3 and 4 were employed to ascertain the

maximum possible contribution of radiation to the

measured values of temperature in the experiments. A

schematic diagram of the geometry of the problem is shown

in Figure IV-2.

The rate of radiation heat transfer emitted from the

stainless steel foil during a short time interval _t' is

given by:

,4
qe -_ s (T'av)oA'Ts av (t) (4.23)

where

T -
a%"

,n+| ,n

T -T

2

T '_*_ and T'= represent the foil temperatures at the end

and at the begining of the time interval, respectively.

The emissivity of stainless steel , _ , was assumed

a function of temperature of the heating surface in the

calculations. A polynomial curve fit of order six

relating the stainless steel emissivity to temperature

was used in this analysis. The polynomial coefficients

were calculated utilizing the curve-fit computer program
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Insulated
Wall

X I = kl_

I

Heated Wall, T = f(t')
W

. mocouDl e

I

I

q
e

L !

Isothermal Wall, T
0

Figure IV-2. Configuration Used in the Radiation-Only

Numerical Heat Transfer Model.
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and emissvity-temperature data obtained from Reference

[23]. Due to the small diameter of the thermocouples, a

small change in the emissivity could result in a

significant change in the thermocouple temperature rise.

Therefore, to insure that the emissivity-temperature data

used to obtain the curve fit polynomial is sufficiently

accurate, another radiation property Reference, [24], was

consulted to add confidence in the reliability of the

data. The data listed in this reference agreed with those

in Reference [23]. The emissivity curve fit polynomial

used is given by the following equation:

,6 .5 ,4 .3 ,2

Cs(T'a )=A'tT +AoT +A'3T +A'4T +A.T +A'6T' a .- 'v av . av av av o av v A7

where

A't =0129x 10-25CF) -6

A 2 = 0,106 x 10- IsCF)-5

A 3 = 0.181 x 10- t2(_r") -4

A'4 = 0.164 x 10-9(°F) -3

A' 5 = 0.479 x 10-6("F')-2

A'6 = 0.152 x 10-3(*F) -1

A'7 = 0.21
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The rate of direct incident radiation striking

thermocouple surface is

the

.4

q'd (t ') = es d F2-.3 A's Tav (4.24)

where

F is the configuration factor between the

the thermocouple.

The rate of reflected radiation

thermocouple is given by:

heater and

incident on the

,4 (4.25)
qr (t')= Rio'FI_2F2_3A_ Ta_'

where R is the reflectivity of the insulating material.

Assuming the thermocouple absorbs I00 percent of the

incoming radiation,the rate of absorbed radiation becomes

P , , , 4

qa(t')=(Fi.3 + Fl_. 2 F2_.3Ri)(_sOAs)T'
av

(4.26)

The configuation

evaluated using

Reference [25].

factors Fi_3 ,

the following

FI_ 2 , and F2_ _ were

equations obtained from

71
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' h'1where R_ is the radius of the cylinder, is the

distance between the top disk and the thermocouple, and

h' is the distance between the bottom disk and the
2

thermocouple.

F can now be evaluated using the equation
1!42

F3_., 1 + F3__,4 + F3_., 2 = 1.0

F and F__ 3 were calculated by

reciprocity relationship:

utilizing the

A a Fa_., b = A b Fb.._ a

The configuration factor F

the following equations:

was determined by solving

F1._.,2 + Fl_..,4 = 1.0

,,_,-,(x._
R 1

where . '2
1 +R 9

R'd R; Rd x'
R'1= L-.7 , = "_ , =1+ '2

R l
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The rate of radiation emitted by the thermocouple during

the time interval At' is given by

,4
t ,

qe (t')=°AtTt (t') (4.29)
t

Therefore, the rate of heat gain becomes:

q (t')=q (t')-qe (t')
t

Assuming negligible heat loss from the thermocouple, then

q (t')= PtVtC _XT'(t')
Pt t

where the density (p') and the specific heat (C'p I of

the thermocouple at the junction are the average density

and average specific heat of chromel and constantan,

respectively.

therefore,

t

qg(t')
At' (t)-- (_" 30)

t

PtV'C '
t Pt

The above equations were solved for the two

thermocouple locations employed in the experiments using

the computer program listed in the Appendix D. A time

increment of 0.05 seconds was used in the

calculations. The geometrical data and the material

properties used in this analysis are shown in Table IV-I.
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Table IV-1. Geometrical Characteristics and Material Properties Used in the
Computation of the Effects of Radiation Heat Transfer on
Thermocouple Output.

Property Value

C'pt 0.1 Btu / Ibm°F

P't 551 Ibm/ft 3

R 0.80

o 1.714 x 10 -9

D'_ 0.01 in.

R' d 6 in.

A' 66 in 2
S

._t' 0.05 sec.

Btu / hr ft 2°R 4
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The TAC Heat Transfer Numerical Model

The non-dimensional conservation equations derived

in chapter II were solved employing an explicit finite

difference algorithm. The transient velocity, density,

pressure, and temperature profiles for an air medium were

determined using the actual heater surface temperature

measured in the experiments as the temperature boundary

condition at the heated surface. The results obtained for

both gravity and zero-gravity environments are compared

to the results of the conduction-only solution in the

following chapter.

The governing non-dimensional equations

this TAC model are:

describing

Continuity:

8
0_pp+ __(pu)=0 (2.12)
at 8x

Newton's Second Law:

0 (pu) + (puu) + a p +

0

Energy:

8T OT 8u (¥)_tp_- + pu_ = -(y-1)P_ +0x 8x _ ax 2

75

(4.31)
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State:

P=pT (2.15)

where

all0
Gravity Environment

Zero-Gravity Environment

The dimensionless initial and

U(x,t=0)=0 , T(x,t=0)=l ,

U(x=0,t)=U(x=l,t)=0

T(x=0,t)= f(_)/T_

T(x=l,t)=l

boundary conditions

p (x, t=O)=l

are:

(2.16)

(2.17)

(4.32)

(2.19)

Where f(t) represents the dimensional transient heater

temperature of the foil obtained in the experiments.

The finite difference formulation used by Spradley,

et al. to solve the conservation equations was closely

followed in this analysis. The approximate equations

representing the various derivative terms that appear in

equations (2.12) to (2.14) are shown in Tables IV-2,

_2T

_T InIin and -- terms, the
ax 2 ! ax 2 k

IV-3, IV-4. Except for the

equations listed in the above

those used by Spradley, et

infinite parallel plate TAC

76
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tables are the same as

al. in the solution of the

transfer problem. For



TablelV-2. Newton's Second Law in Finite Difference Form

Newton°s 2nd Law:

9

0 aP ,,g,(pu) + -- (puu) = - -- + a--7--7.P +8x RT 3 ,_ee c_x2
O

Finite Difference Equations:

[ L'g_____'(pn)_ 4 1(pu)_+l = (pu):' - At 8x(pUU)_ + 8×(P_)- a RT 3 Re
0

-(pu)nu 
8x(pUu) n•= for u n < 0

"" AX l

(pU)n U n __ (pu)n U ni -1 i-1

5x(puu)ni = for u n -> 0
" AX I

8x(pUu) _ =-' 2Ax

n n n

(PU)k Uk (PU)k - 1-- Uk_ 1

8x(pUu) k = _
- 2Ax

P2- P1

8x(P}_ - Ax

pgl -- pn
i+l i-I

6 (Phi-
x t 2Ax

Pk -- Pk- 1

8x(Pk)n -- Ax

82(u:) =
x , Ax 2

n _ 2u.n + u n
Ui+l t l-1

n n

u 2 -- 3u I

:
• Ax 2

n n

8_(U)k_ Uk-l-- aUk
AX 2
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TablelV-3. Continuity Equation in Finite Difference Form

Continuity Equation:

0 3
-- p = - -- (pu)
Ot at

Finite Difference Equations:

_+_ n [8 (pu)_,+_]P_ = Pi - At

,n+l , )n+l
PUJi+I -- _PUi_l

8x(PU),i_+ I =- 2Ax

n
(pul +l) + (put +l)

8x(PU)7+ l = 2Ax

8x(PU):=- 2Ax

n+l
pu.

n+l l
U. _ '--

l n+l

Pi

78



TablelV-4. Energy Equation in Finite Difference Form

Enerqy Equation

dq' El' (y-l)

Ot ax p
,upn+ _ m
dx p . dx 2

Finite Difference Equations:

Tn+1_ =Tr', - At[u n+,
18 (Tn) + y-I Pn8 (un +1)- 'z'

x _ n+l i x 1 n+l

Pi Pi
1 62 1Re P---_) x(T_)

8 (u n-t) =
x 1

n+l n+l

u -- u i_+1 -1

2Ax

, ,n+l

x tUJl =

n+l n+l

U 1 + U 2

2Ax
( ,n+[

8X UJk : --

n+l n+l

Uk + Uk- 1

2Ax

(T n -T_)/Ax
i+1

8x(Tn)= (T n-T__I)/Ax

u,<0
I

un---o
I

(T 2I

8x(T_) = l
(T 1

- T1)/Ax

T )/(0.5Ax)

n

u]<O

n> 0
U 1 --

{ (T_-T k_l)/Ax
8x(T_)= (T: Tkn )/(0.5Ax)

n> 0
LIk --

n

Uk<O

82 (Tn) =
x L Ax 2

Tn _ 2T n + T n
i+l ] i-I

4 T2-3T1 +2T_

4( Tk-'- 3Tk +2 )8_(T_)= 3, ax2
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i=l and i=k, the first and last node centers (see Figure

IV-3), Spradley et al. used equations (4.33) and (4.34)

to evaluate the second spatial derivative of temperature.

However, a derivation of the approximate equations showed

that the correct form of these equations would be as

listed in Table IV-4.

_2T In T_ - 3T_ + 2(T' w/T' o)

a× I Ax 2

(4.33)

n - 3T k + 2d2T n Tk - t

=
dx- k Ax 2

(4.34)

The computer program used to solve the finite

difference equations is listed in the Appendix E. A time

step increament of At = 0.015 units and a grid spacing of

Ax =0.0455 were employed in the calculations. The

equation representing Newtons Second Law was treated

first to calculate (pu _'_) The spatial first derivative

of (pu"':) was then evaluated and substituted in the

continuity equation to determine the new density profile.

The air velocity at all node centers were then calculated

at the new

equation to

distribution

time level and substituted in the energy

compute Tn ÷l Finally, the new pressure
L

was determined using the equation of state.
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Transfer Numerical Model.

81



Results for one run employing the low power setting and a

cylinder height of one foot were obtained for both

gravity and low gravity environments. A complete listing

of the data used in the computations is given in Table

IV-5.

In order to verify the results of the TAC computer

code (Appendix E), the solution to the infinite parallel

plate problem was obtained using the same boundary and

initial conditions in Reference [20] and given in chapter

II. The results obtained were in agreement with those

presented in Figures II-6 and II-7.
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TablelV-5. Geometrical Characteristics and Air Properties Used in theTAC
Heat Transfer Numerical Model

Property Value

L' 30.48 cm

g'L' / R'T' ° 3.516 x 10 -s

T' 533 °R
O

T" 1322 °R

P' 1.013 x 106 dyne/cm 2
O

P'o 1.2124 x 10 -3 gm/cm 3

p' 1.8279 x 10 -_ gm/cm sec

C' 0.1715 cal/gm °K
v

y 1.4

R' 6.86 x 10 -2 cal/gm-°K

K' 60.8 x 10 -6 cal/cm sec°K

At 0.015

Ax 1/22
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CHAPTER V

DISCUSSION OF RESULTS

The figures presented on the following pages

represent some of the results of the analytical

investigation. Each of these figures shows the

non-dimensional temperature rise in the air measured at

one thermocouple location along with the transient air

temperature predicted by the conduction-only solution.

For comparison purposes, the rise in the thermocouple

temperature due to heat transfer by radiation is also

presented in these figures. The results obtained for the

high voltage setting and a cylinder height of 6 inches

are illustrated in Figures V-I and V-2. These figures

show the significance of the radiation effects on the

output of the thermocouple located at x= 1.0 in. Even

for the high voltage setting (32 volts) the rate of heat

transfer by conduction appears to be very small compared

to the rate of heat transfer measured in the experiments.

Figure V-3 shows the temperature results obtained at

x=l.0 in. employing the high voltage setting (32

volts). The height of the cylinder used in the

calculations was one foot. The non-dimensional air

temperature presented in this figure shows similar

behavior as those of Figures V-I and V-2.

The results obtained for the low voltage setting (16
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volts) and short cylinder case are presented in Figures

V-4 and V-5. The transient air temperature measured in

the experiments at x= 1.0 in. under both gravity and

zero-gravity conditions shows higher values than those

obtained by the conduction solution. Figure V-4 shows

that, after two seconds of heating, the non-dimensional

rise in the air temperature recorded during the heating

process is approximately 18 times higher than its

conduction counterpart and 5.5 times higher than the

thermocouple temperature rise due to radiation effects.

The non-dimnsional air temperature measured under

gravitational conditions (Figure V-5) also shows much

higher values than those calculated based on heat

transfer by conduction alone.

The temperature data measured at x=0.5 in. using the

low voltage setting are compared to the conduction and

radiation solutions in Figure V-6. With the height of

the cylinder set at 6 inches, this figure shows that the

non-dimensional temperature rise in the air calculated at

x=0.5 in. based on the conduction-only solution is

consistently higher than the thermocouple temperature

rise caused by heat transfer due to radiation. Also, as

in previous cases,

experiments are

corresponding ones

radiation-only heat transfer models.
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The results of the temperature measurements and the

conduction and radiation numerical computations for an

input voltage of 16 volts and long cylinder case (2=12

in.) are presented in Figures V-7 and V-8. As observed,

the temperature at x=l.O in. for pure conduction and the

radiation effects on the temperature readings for this

case are very small compared to the experimental data.

These figures show negligible radiation and conduction

temperature rise within the two seconds heating time.

It should be noted that when the radiation effects

on the temperature measurements are higher than those of

conduction as in all figures except Figure V-6, the

combined effects of conduction and radiation are

consistently smaller than the experimental results

representing the thermoacoustic convection heat transfer.

Also, it is important to note that in these cases since

the computed temperature rise in the thermocouple due to

radiation is higher than the temperature of the

surrounding air, heat

the air and, thus, the

actually be less than

is lost from the thermocouple to

thermocouple temperature would

that predicted by the radiation

solution. When the thermocouple is placed close to the

heater surface and the conduction effects become dominant

as in Figure V-6, the combined conduction and radiation

effects can be approximated by the sum of the temperature

ri se calculated by the conduction-only and the
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radiation-only solutions. Thus, based on Figures V-I to

V-8, it is observed that the heat transfer rate to the

air that occurred during the experiments is much higher

than that calculated by the conduction-only solution.

Therefore, fluid motion and convection heat transfer were

present during the zero-gravity and the gravity

experiments.

The difference between the TAC experimental results

and the pure conduction numerical solution can be

observed from a slightly different angle by examining

Figure V-9. Here the non-dimensional temperature (T) is

presented as a function of the non-dimensional length,

X/L, at two different times for a typical case (L = 6

• V _in. i 16 volts) and is compared with the

corresponding results from the conduction-only solution.

As expected, it is observed that the region affected by

the transfer of heat is significantly larger for the TAC

results. Also, the temperature profiles are observed to

be quite different in the two cases. That is, there is

much less temperature drop away from the heated surface

in the TAC mode as compared to the pure conduction mode.

At the edge of the fluid layer

temperature drop is observed

sharper as shown in this figure.

affected

to become

The difference between the TAC and pure

is further emphasized

by TAC the

exceedingly

conduction

when the total (cumulative) heat
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transfer to the air at time t is investigated in each of

these two cases. Figure V-!0 illustrates the ratio of

the total heat transfer to the air by TAC to that of

conduction-only numerical results as a function of time.

The results for this typical case (L= 6 in., V[= 16
1

that the total TAC heat transfer can be asvolts) show

large as 15 times the total heat transfer by pure

conduction. As expected, the ratio decreases with

increase in time and should approach the steady state

value of I.

The physical reasons behind these

believed to be related

observations is

to the differences in the

fundamental mechanism of TAC and pure conduction heat

transfer. Two factors that are directly related to the

fluid compressibility can be singled out as responsible

for the significant differences observed in the

temperature and heat transfer in these two heat transfer

models.

The fluid compressibilty in TAC allows for an

average expansion of the heated fluid layers over longer

times which contributes to the "spread" of the heated

region. This explains in part

region of heat penetration and the

temperature drop in this region.

the relatively larger

corresponding slower

Another important

factor present in the TAC is the continuous thermal

generation of pressure waves at the heated surface which
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are reflected by the solid boundaries of the confined

region at a very rapid rate and on a much shorter time

scale. These pressure waves which are initially weak

compress and expand the fluid layers periodically. The

fluid layers absorb more energy at the compressed mode

and thus facilitate the transfer of heat through the

medium. These fluid layers act as heat pumps by

absorbing energy at higher pressure and releasing it at

their expansion phase to the next layer and thus are akin

to a series of small "Ericsson Cycles" aiding the

transfer of heat through successive fluid layers.

Both of these factors, that is, an average effective

expansion of the heated fluid layers and the rapid

periodic compression and expansion of fluid layers, are

both related fundamentally to the compressibilty of the

medium in TAC which is absent in the pure conduction

model. They are believed to be the basis for the larger

heat penetration region, the

temperature away from the

particular characteristic of

rapid rise of the air

heated surface, and the

the spatial temperature

profiles in the TAC heat transfer mode.

Typical results of the thermoacoustic convection

analytical model are illustrated in Figure V-II. The

non-dimensional transient temperature profiles in the air

were calculated for both gravity and zero-gravity

conditions using the unsteady temperature boundary
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condition at x=0 obtained from the experiments. Figure

V-II shows that the gravitational forces play an

important role in enhancing the rate of heat transfer in

the early stages of heating. However, as the heating

continues the computed temperature distribution in the

air under both gravity and zero-gravity conditions

approaches equal values and eventually become identical.

It is clear that during the early heating stage the rate

of heat transfer to the air for g=0 is small compared to

that calculated in the gravity environment. As the

temperature at each node in the enclosed gas rises with

time it is presumed that the decrease in the local

reduce the relative importance of the gravity

Therefore, it is expected that the effects of

on the TAC heat transfer become less significant

density

effects.

gravity

as the

gravity

heating progresses. Figure V-II shows that

has almost no effects on the rate of air

temperature rise after 1.6 seconds of heating. It is

also interesting

representing the

temperature

experiments.

of

are similar to those derived

It is clearly observed that the

temperature with time obtained in the

to note that the shape of the curves

calculated non-dimensional air

from the

variation

numerical

analysis agree qualitatively with that

experimental results. However,

numerical model show temperature

I01

obtained in the

the results of the TAC

values that are much



higher than the measured data. This discrepancy is due to

the following reason.

As mentioned earlier, the numerical computations

presented here are based on the model used in Reference

[20]. In this model the mass of the confined fluid

remains fixed and no fluid is allowed to leave the

container. Therefore, the computed values show large

fluid pressures after short heating times. For example,

based on the computed fluid properties from the

one-dimensional heat transfer model of Reference [20], it

is observed that after less than two seconds of heating

the increase in the average fluid pressure is

approximately 0.5 atmosphere (a 50 _ increase). In the

experimental setups used in the drop tower facility, it

was not desirable to allow high fluid pressures in the

cylindrical container. Therefore, no attempt was made to

completely seal and leak-proof the container. Because of

these reasons the numerical model does not include all of

the experimental conditions and, therefore, a

quantitative comparison of the computed fluid properties

such as temperature with the

appropriate. However, the

qualitative confirmation of

experimental data is not

numerical model provides a

the experimental results.

That is, the presence of a significant TAC heat transfer

is evident when the results are compared with the

conduction_only solution. Also the computed results
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presented in Figure V-II illustrates the effects

inclusion

Furthermore,

temperature

of the

of the gravity term in the equations.

the experimental data show that the

in the zero-gravity tests remain higher than

in the gravity tests as also observed in

results. It should however be mentioned

difference is not significant and remains

experimental uncertainty.

the numerical

that this

within the
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CHAPTERVI

CONCLUSIONS

Several important conclusions can be drawn from

experimental and analytical investigation

transfer presented here. The fluid

measurements in both gravity and

the

of TAC heat

temperature

zero-gravity

environments indicate a substantially larger rate of heat

transfer and a more extended region of heat penetration

in the experiments as compared to the pure conduction

heat transfer mode. These results confirm the presence

of TAC and its significance as a heat transfer mechanism.

Also, it is found that the difference in the experimental

results obtained for the zero-gravity and gravity

environments are not significant and are within the

experimental uncertainty of the experiments. As compared

with the experimental observations, the numerical results

of the TAC model used in this study show a much higher

rate of increase for the fluid temperature in the

cylindrical geometry. The reasons for this discrepancy

were discussed earlier in detail.
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APPENDIX A

THE DESIGN AND DESCRIPTION OF THE

CONTROL CIRCUIT



The control circuit consists of several DC relays,

switches, and safety fuses connected as shown in Figure

A-I. The circuit was designed to automatically operate

the camera and the lights and to initiate and terminate

the heating of the stainless steel foil. A 28-volt

battery was used to activate various parts of the circuit

and to supply electric power to the camera and the

lights. Several preparatory steps involving the control

circuit were performed before each dropping of the

experimental apparatus. The following is a listing of

these steps and their resulting actions:

I. Switches (SI), ($2), and ($3) were connected to

the control circuit using

switches, located outside

activate the relays that

clips (Figure A-l). These

the shield, were used to

control the operation of the

heater, the camera, and the lights.

2. The master switch (MS) was opened, thus

isolating the control circuit from the batteries.

3. Since the master switch must be closed before

the shield is balanced, the camera switch (SI), the

heater switch ($2), and the time delay relay (TDR) switch

(S3) were closed thus activating relays RI, R2, and

R3. By closing these switches the camera, the heater, and

the lights remain disconnected from the batteries after

closing the master switch.
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Figure A-I. Schematic Diagram of the Control Circuit.
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4. The master switch was then closed and the

was balanced.

5. To preheat the steel foil prior to the

apparatus

dropping

of the apparatus, the heater switch is opened. This will

also cause the lights to turn on marking the start of the

heating on the film. The camera switch was always opened

few seconds prior to the start of the heating to allow

the camera motor to reach a uniform speed.

6. When the drop is initiated switch (SI), ($2),

and ($3) become open. This activates the time delay relay

which shuts off the power supply to the heater, the

camera, and the lights after a preset time. The TDR was

set at 3 seconds throughout the experiments to allow for

temperature measurements during the 2-seconds free fall.
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APPENDIX B

COMPUTERPROGRAMUSED FOR TEMPERATURE

MEASUREMENTS



***W*W***W****WWWWW*W**WW**WW*W*****W***W*WWW*

* AIR TEMPERATURE MEASUREMENTS USING THE *

* HP 9826 COMPUTER *

**********************************************

**********************************************

* THIS PROGRAM WAS USED TO MEASURE THE *

* HEATING SURFACE TEMPERATURE AND THE AIR *

* TEMPERATURE AT TWO LOCATIONS INSIDE THE *

* CYLINDER. *

DIM V(47,2),TS(47,2),TEF(47,2)

GINIT

GRAPHICS ON

FRAME

WINDOW -1,7,-100,1800

AXES 1.0,200

LORG 6

FOR I=-i TO 6

MOVE 1,0

LABEL I

NEXT I

LORG 8

FOR I=0 TO

MOVE 0,I

LABEL I

NEXT I

1700 STEP 200

LORG 5

MOVE 0,0

MOVE 3,1650
LABEL "PLOT OF TEMP. VS. TIME CH. 0"

MOVE 0,0

PRINTER IS 701

PRINT

PRINT "THERMOCOUPLE LOCATION";TAB(19);"TEMP(C)"

;TAB (32 ) ;"TEMP (F )" ;TAB (53 ) ; "TIME (SEC )"

PRINT

CLEAR 709

OUTPUT 709;"VRIVA0SOI"

ICURVE FIT COEFFICIENTS FOR VOLTAGE TO TEMP.

ICONVERSION.
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R0=I.23773E-7
RI=5.866E-5
R2=4.5E-8
P0=2.1E-I
PI=I.61299E+4
P2=-2.05411E+5
P3=3.049432E+7
P4=-2.9690242E+9
P5=I.4284958E+II
P6=-3.7221944E+I2
P7=5.3981272E+I3
P8=-4.1055295E+I4
P9=I.2777466E+I5

OUTPUT709; "AC3"
ENTER 709; R
VI=R
TIN=TIMEDATE
FOR I=l TO 47
FORN= 0 TO 2
TIF=TIMEDATE
TS(I,N)=TIF-TIN
OUTPUT709; "AC";N

ENTER 709;V2
V(I,N)=-VI+V2
NEXT N
NEXT I

TF=TIMEDATE
TRI=TF-TIN
FOR I=l TO 47
FOR N=0 TO 2
YI=V(I,N)*(P6+V(I,N)*(P7+V(I,N)*(P8+V(I,N)*Pg)))
Y2=V(I,N)*(P3+V(I,N)*(P4+V(I,N)*(P5+YI)))
TI=PO+V(I,N)*(PI+V(I,N)*(P2+Y2))
T2=32+I.8*TI
TEC=INT(TI*IO0÷0.5)/IO0
TEF(I,N)=INT(T2*IO0+0.5)/IO0
PRINT N;TAB(18);TEC;TAB(31);TEF(I,N);TAB(51);TS(I,N)
NEXT N
PRINT
NEXT I

IPLOTTING THE RESULTS
FOR I=l TO 47

DRAW TS(I,O),TEF(I,0)
NEXT I

WAIT 60

DUMP DEVICE IS 701,EXPANDED
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DUMPGRAPHICS
WAIT 60
MOVE0,0
GINIT
FRAME
WINDOW-1,7,-50,300
AXES 1.0,25
LORG 6
FOR I=0 TO 6
MOVEI,O
LABEL I
NEXT I
LORG 8
FOR I=0 TO 275 STEP 25
MOVEO, I
LABEL I
NEXT I
MOVE0,0
LORG 5
MOVE3,275
LABEL"PLOT OF TEMP(F) VS. TIME (SEC)"
MOVE3,250
LABEL "FOR X=2 IN. AND X=3 IN."
MOVE0,0
FOR I=l TO 47
DRAWTS(I,I),TEF(I,I)
NEXT I
MOVE0,0
FOR I=l TO 47
DRAWTS(I,2),TEF(I,2)
NEXT I
WAIT 60
DUMPDEVICE IS 701,EXPANDED
DUMPGRAPHICS
END
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Table B-1. The Results Of the Temperature Measurements Using the HP
9826 Computer With Input Voltage = 24 volts and Cylinder
Height = 0.5 ft.

Thermocouple No. Time (sec) Temperature (°F)

0

1

2

0

1

2

0

1

2

0

1

2

0

1

2

0

1

2

0.0

0.06

0.11

0.16

0.21

0.26

0.31

0.36

0.41

0.46

0.51

0.56

0.61

0.66

0.71

0.76

0.81

0.86

0.90

0.95

1.00

1.05

1.10

1.15

67.11

66.57

66.57

86.16

66.69

66.63

112.97

66.91

66.80

155.28

67.45

67.22

208.15

68.58

68.05

269.04

70.51

69.41

333.78

73.48

71.50

401.29

77.54

74.33
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Table B-1 (continued)

Thermocouple No. Time (sec) Temperature (°F)

0 1.20 469.14

1 1.25 82.50

2 1.30 77.74

0 1.35 536.31

1 1.40 88.09

2 1.45 81.60

0 1.50 601.98

1 1.55 94.04

2 1.60 85.76

0 1.65 666.09

1 1.70 100o05

2 1.75 89.97

0 1.80 729.59

1 1.85 105.89

2 1.90 94.07

0 1.94 791.00

1 1.99 111.39

2 2.04 97.99

Thermocouples No. 0, 1, and 2 represent thermocouple location at x' = 0,
x'= 1, and x' = 2 in., respectively.

117



Table B-2. The Results of the Temperature Measurements Using the
Omega Digital Thermometers with Input Voltage = 24 volts
and Cylinder Height = 0.5 ft.

Time (sec) T'w(°F) ' oT;(F) T'2(°F)

0.0000 68 67 67

0.1342 86

0.2683 68

0.4024 126

0.5366 68

0.6037 199

0.6707 69

0.8049 294

0.8720 72

1.0732 407 78 74

1.3415 86 80

1.4085 541

1.5427 94 86

1.7439 103 92

1.8110 688

2.0122 764 111 98

I I Iw, T1, and T 2 represent the measured temperature at x' = 0 in., x' = I

in and x'., = 2 in.

118



APPENDIX C

CONDUCTION HEAT TRANSFER COMPUTER

PROGRAM



C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C
C

C

C

C

C

C

C

C

C
C

C

C

C

C

C

C

C
C

C

C

C

C
C

C

* CONDUCTION SOLUTION ASSUMING VARIABLE *

* PROPERTEIS *

W

* THIS PROGRAM SOLVES THE ONE-DIMENSIONAL *

* TRANSIENT HEAT CONDUCTION EQUATION TO *
* CALCULATE THE TEMPERATURE DISTRIBUTION *

* IN AN ENCLOSED AIR MEDIUM ASSUMING VAR- *

* IABLE THERMAL CONDUCTIVITY AND DENSITY. *
* THE AIR IS HEATED AT ONE SURFACE WHILE *

* THE OTHER BOUNDARY IS KEPT AT CONSTANT *

* TEMPERATURE.THE TRANSIENT TEMPERATURE OF *

* THE HEATER SURFACE IS APPROXIMATED BY A *

* POLYNOMIAL CURVE FIT EQUATION. *

* THE VARIABLES USED ARE: *

* TER .... GAS INITIAL TEMPERATURE (R) *
* TEO .... GAS INITIAL TEMPERATURE (F) *

* TAV .... AVERAGE HEATER SURFACE TEMP.(F) *

* DX ..... SPACE INCREMENT (IN) *

* DTS .... TIME INCREMENT (SEC.) *
* CP ..... GAS SPECIFIC HEAT *

* CH ..... CYLINDER HEIGHT (FT.) *
* TK ..... GAS THERMAL CONDUCTIVITY *

* DE ..... GAS DENSITY *

DIMENSION TE(49),DE(49),TK(49),AL(48),BE(48)
1 ,A(48),B(48),C(48),D(48),E(48),TOLD(49)

COEFFICIENTS OF THE SURFACE TEMP. EQ.

AA=137.2328

BB=-451.9775
CC=90.60042

DD=836.3806

EE=-962.0433

FF=1688.746
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31

C

C

C

C

WRITE(22,31)

FORMAT(//,23X,'CONDUCTION

TEO=76.0

CH=0.5

TAV=I083

-LO IS THE NO.

LO=49

LOM=LO-I

C ....... MESH SIZE

C

DX=CH/LOM

D2X=DX*DX

C ....... TIME STEP

DTS=0.01

NO=(2.0/DTS)+I

T=0.O

TER=TEO+460.O

TAVR=TAV+460.0

TS=TEO

DTH=DTS/3600

CP=0.240

NN=I

..... INITIAL CONDITIONS

C

C--

C

OF NODE PTS.

DO 1 I=I,LO

TE(I)=TER
CONTINUE

THE CONDUCTION EQUATION

1

C

C ....... SOLVING

C

DO 2 N=I,NO

IF(NN .NE. N) GO TO 95
NN=NN+I0

Q=(I.889E-5*((TS+TE(2)-460)/2.0)+O.OI33)

1 *0.4583*(TS-TE(2)+460)/DX
C

C

4

SOLUTION FOR D4!'//)

PRINT OUT LOOP

WRITE(22,3),T,TS,Q

FORMAT(//,23X,'TIME=',F4.2,1X,'SEC',5X,'T-WALL='

1 ,F7.2,1X,'(F)',2X,'HEAT TRAN.='F7.2,1X,'BTU/HR'

I ,//)

WRITE(22,4)

FORMAT(21X,'I',8X,'X/L',I3X,'TE(I)',I3X,'T-NON',/)

DO 5 I=I,LO

X=(I-I)*DX/CH



16
5

C
C-
C

95

6
C
C-
C

7
C

_n_mmm_

C

TNON=(TE(I)-TER)/(TAVR -TER)

TEF=TE(I)-460

WRITE(22,16),I,X,TEF,TNON

FORMAT(20X,12,6X,F5.3,11X,FS.3,1OX,FS.4)
CONTINUE

EVALUATING THE THERMAL PROPERTIES

DO 6 I=I,LO

TOLD(1)=TE(I)

TT=TE(I)-460.O

TK(I)=I.8889E-5*TT+0.0133

DE(I)=-O.8247572E-24*(TT**6)+0.6407921E-19*

1 (TT**5)+0.4295403E-14*(TT**4)-0.3562589E-IO*

1 (TT**3)+0.1019464E-6 *TT*TT-0.1310382E-3*TT

1 +0.086

CONTINUE

CALCULATING THE NEW TEMPERATURE

T=N*DTS

TESF=AA*(T**6)+BB*(T**5)+CC*(T**4)+DD*(T**3)

1 +EE*T*T+FF*T+TEO

TS=TESF

TE(1)=(TESF+q60+TOLD(1))/2.0

DO 7 I=2,LOM

B(I)=(TK(I)+TK(I-I))/(2.0*D2X)

C(I)=(TK(I)+TK(I+I))/(2.0*D2X)

D(I)=(DE(I)*CP)/DTH

A(I)=2.0*D(I)+B(1)+C(1)

E(1)=2.0*D(I)-B(I)-C(1)
CONTINUE

CALCULATING ALPHA(2) AND BETA(2)

AL(2)=(E(2)*TOLD(2)+C(2)*TOLD(3)+B(2)*(TOLD(1)

1 +TE(1)))/A(2)

BE(2)=C(2)/A(2)

C

C ....... CALCULATING ALPHA( I )

C

8

C

AND BETA(1)

DO 8 I=3,LOM

F=A(1)-B(I)*BE(I-I)

AL(1)=(E(I)*TOLD(I)+B(I)*TOLD(I-I)+C(I) *

1 TOLD(I+I)+AL(I-I)*B(I))/F

BE(I)=C(I)/F

CONTINUE

DO 9 I=2,LOM

II=LOM+2-I

1_2



TE( II )=AL( II )+BE( II )*TE(II+l)
C ONT INUE

C ONT INUE

STOP

END
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APPENDIX D

RADIATION HEAT TRANSFERCOMPUTER

PROGRAM



C

C

C

C
C

C

C
C

C

C

C

C

C

C

C

C

C

C

C
C

C

C

C

C

C

C

C

C

C
C

C

C

C

C
C

C

C

C

C

C
C

C

C

C

C

C
C

C

C

C

*W*WW*W*WWWWW*W*W**WWW*******WWW*W**WWWWW****

W *

• ESTIMATION OF THE RADIATION EFFECTS ON *

• THERMOCOUPLE OUTPUT *

***W*WWWWWW****WWWWW*WWWWW*W*W*WW************

* THIS PROGRAM CALCULATES THE RISE IN THE *

* THERMOCOUPLE TEMPERATURE AT TWO LOCA- *

* TIONS IN THE AIR CAUSED BY RADIATION *

* HEAT TRANSFER. *

**W'W****************************************

* THE VARIABLES USED ARE: *

* BDI ..... DIAMETER OF THE FIRST THERMO- *

* COUPLE AT THE JUNCTION (IN). *
* HL ...... DISTANCE BETWEEN THE FIRST *

* THERMOCOUPLE AND THE HEATER *

* (IN). *

* CH ...... CYLINDER HEIGHT (IN) *

* TFF ..... GAS INITIAL TEMPERATURE (F) *
* TBFI .... INITIAL TEMPERATURE OF THE *

* FIRST THERMOCOUPLE (F). *
* TBF2 .... INITIAL TEMPERATURE OF THE *

* SECOND THERMOCOUPLE (F). *
* BD2 ..... DIAMETER OF THE SECOND THERMO- *

* COUPLE AT THE JUNCTION (IN). *
* H2 ...... DISTANCE BETWEEN THE SECOND *
* THERMOCOUPLE AND THE HEATER *

* (IN). *
* TAV ..... AVERAGE HEATER SURFACE TEMP- *

* ERATURE (F) *
* BDE ..... DENSITY OF THE THERMOCOUPLE *

* AT THE JUNCTION. *

* BCP ..... SPECIFIC HEAT OF THE THERMO- *
* COUPLE AT THE JUNCTION. *

* RS INSULATION REFLECTIVITY *

* ES ...... EMISSIVITY OF THE STAINLESS *

* FOIL. *

* DR ...... DISK RADIUS (IN). *

* AD ...... DISK AREA (IN**2) *

* AF ...... AREA OF THE HEATER SURFACE (IN)*

J2.5



31

C

C

WRITE(24,31)

FORMAT(//,23X,'RADIATION

INPUT DATA

BDI=0.01

HI=2.0

CH=I2.0

TFF=76.0

TBFI=TFF

TBF2=TFF

BD2=O.01

H2=3.0

TAV=I083.0

TEOI=TFF

TE02=TFF

SOLUTION FOR D41 ',/i/)

C

C ....... ENTERING THE COEFFICIENTS OF THE SURFACE

C ....... TEMPERATURE CURVE FIT POLYNOMIAL

C

C

A=137.2328

B=-451.9775

C=90.60042

D=836.3806

E=-962.0433

F=1688.746

G=76

C ....... THERMOCOUPLE MATERIAL

C

C

e_mmm

C

C

C

C

PROPERTIES

BDE=551.O

BCP=0.100

RS=0.80

SI=1.714E-9

DR=6.00

AD=0.7854

AF=0.4583

CALCULATING THE SURFACE AREA AND VOLUME

OF THE THERMOCOUPLES.

ASGI=4.0*3.1416*((BDI/24.0)**2)

VGI=(3.1416*4.0/3.0)*((BDI/24.0)**3)

ASG2=4.0*3.1416*((BD2/24.0)**2)

VG2=(3.1416*4.0/3.0)*((BD2/24.0)**3)

AW=2.0*3.1416*DR*CH/144.0

CALCULATING THE CONFIGURATION FACTORS

FBII =(" O-I.O/((I+(DR/HI)**2)**0.5))/2.0
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C

FB21 =(I.0-1.O/((I+(DR/H2)**2)**0.5))/2.0
FIB1 =(ASGI/AD)*FBII

FIB2 =(ASG2/AD)*FB21
XI=CH-HI

X2=CH-H2

FBI4=(I.0-1.0/((I+(DR/Xl)**2)**0.5))/2.0

FB24 =(I.0-1.O/((I+(DR/X2)**2)**0.5))/2.0

FBI2 =I.0-FBII-FBI4

FB22=I.0-FB21-FB24

F2BI=(ASGI/AW)*FBI2

F2B2=(ASG2/AW)*FB22

RI=DR/CH
PI=RI**2

X=I+(I+PI)/PI

FI4=(X-((X**2-4)**0.5))/2.0

FI2=I.O-FI4

C

C ....... MAIN

C

BODY OF THE PROGRAM

C

9

C

I0

WRITE(24,5)

FORMAT(5X,'TIME(SEC)',5X,'TC#',5X,'DIRECT INC.

1 RAD,',5X,'REF. INC. RAD.',5X,'EMMITTED RAID. '

1 ,5X,'ENERGY GAIN' ,5X,'*', 'TB(F)' ,5X,'(TB-T0)/

1 /(TAV-TO)')

WRITE(24,9)

FORMAT (31X,'(BTU/HR)'

1 ,IIX,'(BTU)')

WRITE(24,10)

FORMAT(/)
DT=O.05

T=O.0

C

C ....... TEMPERATURE

C

CALCULATIONS

,IIX,'(BTU/HR)' ,IIX,'(BTU/HR)'

C

C-

C

DO 15 I=I,41

TII=TFF

TFF=A*T**6+B*T**5+C*T**4+D*T**3+E*T**2+F*T+G

TEF=(TII÷TFF)/2.0

EMISSIVITY CURVE FIT COEFFICIENTS

AI=0.129247E-25

A2=O.IO57093E-15

A3=-0.1811926E-12

A4=-0.1640302E-9

A5=O.4788375E-6

A6=-O.1528234E-3
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C

C

C

C

A7=0.21

ES=A!*(TEF**6)÷A2*(TEF**5)÷A3*(TEF**4)+A4*

1 (TEF**3)÷A5*(TEF**2)+A6*TEF+A7

IF(ES .GT. 0.6) ES=0.6

TER=TEF+460

P=ES*SI*AF*(TER**4)

DIRI=FIBI*P*0.47

DIR2=FIB2*P*0.47

Q=RS*FI2*P

RIRI=F2BI*Q*0.47

RIR2=F2B2*Q*0.47

TBRI=TBFI+460

TBR2=TBF2÷460

ERI=SI*ASGI*(TBRI**4)*0.47

ER2=SI*ASG2*(TBR2**4)*0.47

N=I

L=2

DEI=DIRI÷RIRI-ERI

DE2=DIR2÷RIR2-ER2

EGI=DEI*DT/3600

EG2=DE2*DT/3600

IF(EGI .LT.0.0 .OR.
C

C ....... CALCULATING

C

C

C

_mmmu_

C

26

20

30

C

ii

THE NEW

15

EG2 .LT. 0.0) GO TO 26

THERMOCOUPLE TEMPERATURE

TBFI=(EGI/(BDE*BCP*VGI))÷TBFI

TBF2=(EG2/(BDE*BCP*VG2))+TBF2

RIOI=(TBFI-TE01)/(TAV-TE01)

RIO2=(TBF2-TEO2)/(TAV-TE02)

PRINTING THE RESULTS

WRITE(24,20),T,N,DIRI,RIRI,ERI,EGI,TBFI,RIOI

FORMAT(6X,F4.2,1OX, II,EI8.4,3 X,EI8.4,EI8.4,3X,

1 EI6.4,4X,'*',F6.2,8X, F7.5)

WRITE(24,30),L,DIR2,RIR2,ER2,EG2,TBF2,RIO2

FORMAT(2OX, II,EI8.4,3X,EI8.4,EI8.4,3X ,E16.4

1 ,4X,,'*',F6.2,8 X, F7.5)

WRITE(24, II)

FORMAT (/ )

T=T÷DT

CONT INUE

END
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APPENDIX E

THERMOACOUSTICCONVECTIONHEAT TRANSFER

COMPUTERPROGRAM



C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C
C

C

C

C

C

C

C

C

C
C

C

C

C

C

C

C

C
C

C

C
C

C

C

C

C

********************************************

* THERMOACOUSTIC CONVECTION COMPUTER *
* PROGRAM *

THIS PROGRAM CALCULATES THE TRANSIENT *

VELOCITY, DENSITY, PRESSURE, AND TEMPER- *
ATURE DISTRIBUTION INSIDE AN AIR MEDIUM *

AT SEVERAL TIME LEVELS. THE AIR IS HEAT- *

ED AT ONE BOUNDARY WHILE THE OTHER IS *
KEPT AT CONSTANT TEMPERATURE. *

THE VARIABLES USED ARE: *

DT ..... NON-DIMENSIONAL TIME INCREMENT *

DX ..... NON-DIMENSIONAL GRID SPACING *

L CYLINDER HEIGHT (CM) *

TEO .... INITIAL TEMPERATURE (R) *

TBF .... INITIAL TEMPERATURE (F) *
TAV .... AVERAGE HEATER SURFACE TEMP- *

ERATURE (F) *
DEO .... INITIAL AIR DENSITY *

V ...... AIR VISCOUSITY *

CV ..... AIR SPECIFIC HEAT *
C ...... AIR THERMAL CONDUCTIVITY *

PEO .... INITIAL PRESSURE IN THE AIR *

G RATIO OF SPECIFIC HEATS *

R IDEAL GAS CONSTANT OF AIR *

RN ..... REYNOLD'S NUMBER *

PR ..... PRANDTL NUMBER *
U...... NON-DIMENSIONAL VELOCITY *

P ...... NON-DIMENSIONAL PRESSURE *

DE ..... NON-DIMENSIONAL DENSITY *

TE ..... NON-DIMENSIONAL TEMPERATURE *
TW ..... HEATER SURFACE TEMPERATURE *

DOUBLE PRECISION U(22,2),DE(22,2),TE(22,2)

$,DXUU(22,2),D2XU(22,2),DEU(22,2),DXP(22,2)

$,DXDEU(22,2),DXTE(22,2),DXU(22,2),D2XTE(22,2)

$,DEU2(22,2),VI(22,2),DPR(22,2)
C

C....... GEOMETRICAL DATA AND
C

INITIAL CONDITIONS
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C

C

mmi_o_

C

C

C

C

C

C-

C

C

C-

C

DT=0.015

L=30.48

COF=3.5157E-5

TE0=533.0

TBF=73

TAV=I322.0

COEFFICIENT OF THE HEATER SURFACE

CURVE FIT EQUATION

AA=126.50

BB=-779.69

CC=1581.43

DD=-880.48

EE=-930.85

FF=1914.03

AIR INITIAL PROPERTIES

DEO=I.2124E-3

V=I.8279E-4

CV=0.1715

C=60.7689E-6

PEO=I.013E6

G=I.4

CALCULATING RE NO. AND PR NO.

R=53.34

SRTO=((R*32.2*TEO)**0.5)*(12*2.54)

DTP=(DT*L)/SRTO

PP=0.15/DTP

M=(2.0/DTP)+2

MO=M-51

RN=(DEO*L*SRTO)/V

PR=(V*G*CV)/C

TEB=(TBF+460)/TEO

TEMP.

NUMBER OF NODE POINTS AND GRID SPACING

LO=22

DX=I.O/22.0

LOPM=LO-I

NO=I

NI=I

N=I

C

C ....... INITIAL CONDITIONS

C

DO 1 I=I,LO
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C
1

U(I,I)=O.O
TE( I, I)=(TBF+460)/TEO
P(I,I)=I.O
DE(I,1)=1.0
CONTI NUE

6
24O

PRINT 6
FORMAT('1',///)
TI=(NI-I)*DT
TRI=(TI*L)/SRTO
T=TRI

C
C....... CALCULATI NG
C
C

THE HEATERSURFACETEMPERATURE
-USING THE POLYNOMIALCURVEFIT EQUATION

C

C
2
4

21

C

61

6O
C

TW=AA*(T**6)+BB*(T**5)+CC*(T**4)+DD*(T**3)
$+EE*(T**2)+FF*T+TBF

TTEF=TW+460
TEW=TEF/TEO
IF(NI .GT. MO) GO TO 2
IF(NI .LT. NO) GO TO 3
NO=NO*PP

PRINT STATEMENT

PRINT 4 ,NI,TI,TRI,TW
FORMAT(//23X,'TIME STEP=',I6,5X,'TI=',F8.3,

$5X,'TRI=',F7.5,1X,'SEC',3X,'T-WALL',3X,FS.2,//)
PRINR 21
FORMAT(22X,'I',4X,'DIS',I0X,'U(I,N)',I4X,

$'P(I,N)',I3X,'DE(I,N)',I3X,'TE(I,N)',I3X,
$'TNON',/)

DO 60 I=I,LO
TO=TE(I,N)*TEO
TNON=(TO-TEO)/(TAV-TEO)
DIS=DX/2.0+(I-I)*DX
PRINT 61,I,DIS,U(I,N),P(I,N),DE(I,N),TE(I,N)

STNON
FORMAT(21X,I2,3X, F5.3,7X, F9.6,12X,F8.6,12X,

SF8.6,12X,F8.6,11X,F8.6)
CONTINUE

C....... SOLVING
C

C

THE MOMENTUMEQUATION

DXUU(I,N)=(DE(I,N)*(U(I,N)**2)+DE(2,N)*(U(2,N)
$*'2))/(2.0"DX)

D2XU(I,N)=(U(2,N)-3.0*U(I,N))/(DX*DX)
DXP(I,N)=(P(2,N)-P(I,N))/DX
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C

7

C

DO 7 I=2,LOM

IF(U(I-!,N) .LT. IE-30 .AND. U(I-I,N) .GT.

$-iE-30) U(I-I,N)=O.O

IF(U(I,N) .LT. IE-30 .AND. U(I,N) .GT. -IE-30)

$ U(I,N)=O.O

IF(U(I+I,N) .LT. IE-30 .AND. U(I+I,N) .GT.

$-IE-30) U(I÷I,N)=O.0

DEU2(I+I,N)=DE(I+I,N)*U(I÷I,N)*U(I+I,N)

DEU2(I,N)=DE(I,N)*U(I,N)*U(I,N)

DEU2(I-I,N)=DE(I-I,N)*U(I-I,N)*U(I-I,N)

DXUU(I,N)=(DEU2(I,N)-DEU2(I-I,N))/DX

IF(U(I,N) .LT. 0.0) DXUU(I,N)=(DEU2(I÷I,N)

$-DEU2(I,N))/DX

DXP(I,N)=(P(I÷I,N)-P(I-I,N))/(2.0*DX)

D2XU(I,N)=(U(I+I,N)-2.0*U(I,N)÷U(I-I,N))/

$(DX*DX)

CONTINUE

DXUU(LO,N)=(-I.O*(DE(LO,N)*(U(LO,N)**2)+DE(LOM,

SN)*(U(LOM,N)**2)))/(2.0*DX)

DXP(LO,N)=(P(LO,N)-P(LOM,N))/DX

D2XU(LO,N)=(U(LOM,N)-3.0*(U(LO,N)))/(DX*DX)

C

C ....... CALCULATING DX*U AT

C

8

C

C-

C

C

A NEW TIME LEVEL

9

C

C

DO 8 I=I,LO

TF=(TE(I,I)*TEO)-460.0

VI=(0.98/IO00)*TF÷I.49

IF(TF .LT. 500) VI=(I.5491/IOOO)*TF÷I.II54

IF(TF .GT. 500 .AND. TF .LT. I000) VI=

$I.16/I000)*TF+1.31

VI(I)=I4.8798E-5*VI

DEU(I,N+I)=DE(I,N)*U(I,N)-DT*(DXUU(I,N)÷DXP

$(I,N)-COF*DE(I,N)-4.0*(VI(1)/V)*D2XU(I,N)/3.0

$*RN)

CONTINUE

SOLVING THE CONTINUITY EQUATION

DXDEU(I,N+I)=(DEU(2,N+I)+DEU(I,N÷I))/(2.0*DX)

DXDEU(LO,N+I)=-I.O*(DEU(LO,N+I)+DEU(LOM,N÷I))

$/(2.0*DX)

DO 9 I=2,LOM

DXDEU(I,N+I)=(DEU(I÷I,N+I)-DEU(ImI,N+I))/2.0

$*DX)

CONTINUE

CALCULATING THE NEW DENSITY AND VELOCITY

PROFILES

133



DO I0 I=I,LO

DE(I,N+I)=DE(I,N)-DT*(DXDEU(I,N+I))

U(I,N÷I)=DEU(I,N+I)/DE(I,N+I)
I0 CONTINUE

C

C....... SOLVING THE ENERGY EQUATION
C

DXTE(I,N)=(TE(I,N)-TEW)/(O.5*DX)

IF(U(I,N) .LT 0.0) DXTE(I,N)=(TE(2,N)-TE(I,N)
$)/DX

DXU(I,N÷I)=(U(I,N+I)+U(2,N÷I))/(2.0*DX)

D2XTE(I,N)=TE(2,N)-3.0*TE(I,N)÷2.0*TEW)/(DX*DX)
D2XTE(I,N)=(4.0/3.0)*D2XTE(I,N)

C

C

C

C-

C

C
C-

C

C

C

DXTE(LO,N)=(TE(LO,N)-TE(LOM,N))/DX

IF(U(LO,N) .LT. 0.0) DXTE(LO,N)=(TEB-TE(LO,N))
$/(0.5*DX)

DXU(LO,N+I)=-I.O*(U(LO,N+I)÷U(LOM,N+I))/(2.0*DX)

D2XTE(LO,N)=(TE(LOM,N)-3.0*TE(LO,N)+2.0*TEB)/(DX*DX)

D2XTE(LO,N)=(4.0/3.0)*D2XTE(LO,N)

II

DO Ii I=2,LOM

DXTE(I,N)=(TE(I,N)-TE(I-I,N))/DX

IF((U(I,N) .LT. 0.0) DXTE(I,N)=(TE(I+I,N)-
STE(I,N))/DX

DXU(I,N+I)=(U(I+I,N+I)-U(I-I,N+I))/(2.0*DX)

D2XTE(I,N)=(TE(I+I,N)-2.0*TE(I,N)+TE(I-I,N))/
$(DX*DX)

CONTINUE

CALCULATING THE NEW TEMPERATURE

12

DO 12 I=I,LO

BI=(G/(RN&PR))*(VI(I)/V)*D2XTE(I,N)/DE(I,N+I)

TE(I,N+I)=TE(I,N)-DT*(U(I,N+I)*DXTE(I,N)+(((G-

$1)*P(I,N)*DXU(I,N+I))/DE(I,N+I))-BI
CONTINUE

CALCULATING THE NEW PRESSURE

13

DO 13 I=I,LO

P(I,N+I)=DE(I,N+I)*TE(I,N+I)
CONTINUE

16

DO 16 I=I,LO

U(I,1)=U(I,2)
P(I,I)=P(I,2)

DE(I,I)=DE(I,2)

TE(I,I)=TE(I,2)
CONTINUE
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NI=NI+I

IF(NI .LT. M) GO TO 340
STOP

END

135



APPENDIX F

UNCERTAINTYANALYSIS FOR THE EXPERIMENTAL

RESULTS



The uncertainty

determined based on

measurements and the

readings. Also, the

radiation heat transfer model was estimated based on

uncertainty in the emissivity-temperature data

stainless steel. The uncertainty in time is assumed

in the experimental results was

the uncertainty in the time

uncertainty in the temperature

uncertainty in the results of the

the

of

to

be due to the uncertainty in the uniformity of the speed

of the camera used to record the temperature display of

the thermometers. This uncertainty was evaluated using

the camera speed data obtained from the experimental

results. The following presents the analysis performed

to determine the uncertainties in experimental and

numerical results.

Uncertainty in the Time Measurements

The time corresponding to a specific temperature

measured and recorded was calculated using the number of

film frames exposed prior to the display of that

temperature. The uncertainty in the number of film frames

exposed during any specific time interval results in the

uncertainty in the time measurement. The method of

evaluation of the uncertainty in time is presented below.

The total number of film frames exposed during the entire

3-second heating period is determined to be
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N = 116 ± I frames

Therefore, the uncertainty in the camera speed

calculated to be

L

(s) is

St- 38.67 ± 0.33 frames/sec

The time prior to a temperature measurement is given by

t= N'/S'

where N is the number of exposed frames

The maximum uncertainty in

(w' ) which occur
tma x

N'-time ( - 77 frames)

measurement.

the time calculations

at the end of the 2-second heating

is then used for the time

Wtmax ± 0.026 seconds

The uncertainty in the temperature measured by the

digital thermometers is provided by the manufacturer

(Omega inc.) as

t

W T =0.8 ± 0.I _ of the temperature reading in °C
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Finally, the uncertainty in the

thermocouples is estimated to be

w' = _+0.02 in

location of the

It is important to mention that the uncertainty in

the temperature measurements due to the time response of

the digital thermometers was greatly reduced by the data

correction procedure discussed in chapter III. The Data

Acquisition System which was used to reduce the error due

to the thermometer response time is estimated to have a

time response less than 0.02 seconds. Therefore, as

shown above, the greatest uncertainty in the

temperature-time measurements is seen to be due to the

uncertanities in the thermometer and the camera speed.

Uncertainty In The Calculated Thermocouple Temperature

Rise Caused By Radiation Heat Transfer

As mentioned in chapter

calculated temperature rise

heat transfer by radiation

IV, the accuracy in the

of the thermocouple due to

strongly depends on the

accuracy of the steel foil emissivity-temperature data

used in the calculations. Although the stainless steel

emissivity values given in References [23] and [24] are

in good agreement, an estimation of the error in the

temperature results of the radiation heat transfer model

was performed using the highest and lowest
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emissivity-temperature data given in the above

references. The results show that, after two seconds of

heating, the maximum uncertainty in the calculated

temperature rise of the thermocouple caused solely by

radiaticn heat transfer is approximately ± 6 OF and ±12

OF for the low voltage setting (16 volts) and the high

voltage setting (32 volts), respectively.
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APPENDIX G

EXPERIMENTAL DATA



In the following tables subscripts I, 2, 3, and 4 denote

thermocouple locations at x'= 1 in., 2 in., 3 in., and 4

in. for a cylinder height of 1 ft. and at _= 0.5 in.,

1.0 in., 1.5 in., and 2.0 in. for a cylinder height of

0.5 ft., respectively.

142



Zero-Gravity Test
Cylinder Height 1 ft.

Input Voltage 18 Volts

Time (sec) Tw (°F) T2 (°F) T3 (°F)

0.0000 73 73 73

0.1293 439

0.3103 74

0.3879 74

0.4397 707

0.7500 75

0.8534 1016

0.9052 75

0.9828 76

1.1379 77

1.1897 78

1.3448 79

1.3707 1329

1.3966 81

1.5517 82

1.5776 85

1.7328 85

1.7586 89

1.9138 88

1.9397 1573

2.0172 94

2.1207 impact
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Zero-Gravity Test
Cylinder Height 1 ft.

Input Voltage 18 Volts

a i

Time (sec) Tw (°F) T2 (°F) T3 (°F)

0.0000 74 75 75

0.1293 286

0.3879 76

0.4397 498 76

0.7759 756

0.9828 77 77

1.1638 1044

1.1897 78

1.2931 78

1.3966 80

1.5000 80

1.6034 83

1.6552 1320

1.6810 82

1.8103 86

1.8362 1417 84

2.0172 91

2.0690 86

2.2241 1530

2.1207 impact
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Zero-Gravity Test
Cylinder Height 1 ft.

Input Voltage 18 Volts

B i

Time (sec) Tw (°F) T2 (°F) T3 (°F)

0.0000 76 75 75

0.1810 344

0.3879 76

0.4397 76

0.5172 563

0.8534 838

0.9828 78 77

1.1897 78

1.2931 1142 80

1.3966 80

1.5000 82

1.6034 82

1.7069 86

1.8103 84

1.8362 1417

1.9138 90

2.0172 87

2.1207 impact 94
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Gravity Test
Cylinder Height 1 ft.

Input Voltage 18 Volts

Time(sec) Tw(°F) T2(°F) T3(°F)

0.0000 73 71 71

0.1304 160

0.3652 72

0.3913 351 72

0.7043 559

0.9130 73

0.9652 73

1.0696 800

1.2261 75

1.2522 74

1.4348 77

1.4609 76

1.4870 1043

1.6174 80

1.6696 78

1.8261 82

1.8783 80

1.9826 1261

2.0348 86

2.0870 82

2.5043 1420
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Gravity Test
Cylinder Height 1ft.

Input Voltage 18Volts

I !

Time (sec) Tw (°F) T2 (°F) T3 (°F)

0.0000 73 71 71

0.1304 138

0.1826 72

0.3130 72

0.3913 330

0.6783 534 73

0.9391 73

1.0174 777

1.0957 74

1.2783 76

1.3304 75

1.4348 1024

1.4870 78

1.5130 76

1.6957 80

1.7217 78

1.8783 83

1.9043 1246

1.9304 80

2.0870 87

2.1391 83

2.2957 90

2.4783 1412
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Zero-Gravity Test
Cylinder Height 0.5 ft.
Input Voltage 18 Volts

i I

Time (sec) Tw (°F) TI (°F) T4 (°F)

0.0000 75 75 75

0.1034 101

0.1293 90

0.3362 284

0.3879 196 76

0.6207 510

0.6466 380

0.9310 597

0.9569 767

0.9828 78

1.2931 788 80

1.3707 1032

1.5000 82

1.7069 944 86

1.8621 1266

1.9138 90

2.1026 impact
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Zero-Gravity Test
Cylinder Height 0.5 ft.
Input Voltage 18 Volts

Time (sec)

0.0000

0.1538

0.2564

0.4359

0.7179

0.7436

1.0256

1.1282

1.2308

1.3846

1.4359

1.5641

1.6410

1.8462

2.0513

2.1282

Tw (°F)

76

175

390

638

9O4

1160

impact

T I (°F)

77

I09

232

439

668

852

I

T4 (°F)

76

77

78

79

81

84

87

90

95
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Gravity Test
Cylinder Height 0.5 ft.
Input Voltage 18 Volts

Time (sec) Tw (°F) TI (°F) T4 (°F)

0.0000 73 73 72

0.0776 164

0.1034 75 73

0.3103 586 175

0.5172 74

0.5690 417

0.6724 894

0.9052 690

0.9310 76

1.1379 1228 78

1.2931 954

1.3190 82

1.5517 86

1.7069 1513

1.7586 1152 90

1.9655 94

2.1724 98

2.2759 1286

2.3276 1690
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Gravity Test
Cylinder Height 0.5 ft.
Input Voltage 18 Volts

Time (sec) Tw (°F) TI (°F) T4 (°F)

0.0000 74 73 73

0.1034 228

0.2069 151

0.3621 618

0.4397 75

0.5690 335

0.7500 932

0.8793 597

0.9828 76

I. 1897 79

1.2414 1261 838

1.3966 82

1.6O34 86

1.6810 1056

1.7845 1534 91

2.0172 95

2.1724 1210

2.2241 99

2.4052 1698 103
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G ravity Test
Cylinder Height 0.5 ft.
Input Voltage 18 Volts

Time (sec) Tw (°F) T1 (°F) T4 (°F)

0.0000 74 74 73

0.1034 75

0.1810 474

0.3103 155

0.4138 74

0.5431 756

0.5690 366

0.8793 606

0.9310 76

0.9569 1080

1.1379 78

1.2414 841

1.3448 82

1.4741 1390

1.5776 86

1.6810 1050

1.7845 90

1.9914 94

2.0690 1615

2.1466 1194

2.1983 98
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Zero-Gravity Test
Cylinder Height 1 ft.

Input Voltage 18 Volts

Time(sec)

0.0000

0.1565

0.3130

0.4696

0.6261

0.7304

0.7826

0.9391

1.1478

1.1739

1.3565

1.4609

1.5652

1.5913

1.7739

1.9826

2.0870

2.1130

! q I

Tw (°F) TI (°F) T4 (°F)

69 6869

2OO

384

606

860

1114

1332

impact

71

85

151

282

452

633

69

70

71

72

74
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Zero-Gravity Test
Cylinder Height 1 ft.

Input Voltage 18 Volts

Time (sec) Tw (°F) T1 (°F) T4 (°F)

0.0000 69 69 69

0.1304 148

0.2870 70

0.3913 329

0.4435 70

0.6522 74

0.6783 523

0.8348 95

1.0174 753

1.0696 150 71

1.3043 246

! .3565 72

1.4348 990

1.5391 374

1.6696 74

1.8522 523

1.9304 1208

1.9826 75

2.1130 impact
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Zero-Gravity Test
Cylinder Height 1 ft.

Input Voltage 18 Volts

I | I

Time (sec) Tw (°F) TI (°F) T4 (°F)

0.0000 72 72 73

0.1035 96 75

0.3103 153

0.3362 286

0.4655 74

0.5431 323

O.6207 519

0.8535 545

0.9569 778

1.0345 76

1.2155 739

1.2414 78

1.3707 1042

1.4483 80

1.6034 900

1.6552 83

1.8621 1276 87

2.1207 impact
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Gravity Test
Cylinder Height 1 ft.

Input Voltage 18 Volts

I ! !

Time (sec) Tw (°F) T1 (°F) T4 (°F)

0.0000 71 71 70

0.1293 184

0.3103 71

0.3621 79

0.4138 373

0.7500 591

0.8276 115

0.9310 72

1.0340 171

1.1121 832

1.2672 236

1.4483 73

1.5259 1070 328

1.7586 75

1.7845 437

1.9655 76

2.0172 1286

2.0690 547

2.1724 78
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Gravity Test
Cylinder Height 1 ft.

Input Voltage 18 Volts

I O 8 I

Time (sec) Tw (F) TI (°F) T4 (°F)

0.0000 72 72 71

0.1043 93

0.3130 278 73

0.5478 72

0.5739 476

0.7304 91

0.9130 707

0.9391 140

1.1478 197

1.2783 73

1.3304 955

1.3826 27O

1.5652 74

1.6435 378

1.7739 75

1.8000 1188

1.9304 486

1.9826 76
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Zero-Gravity Test
Cylinder Height 0.5 ft.
Input Voltage 18 Volts

Time(sec) Tw (°F) T2(°F) T3(°F)

0.0000 69 69 69

0.1293 155

0.2069 70

0.3879 361 70

0.5948 71

0.6983 598

0.8793 71 72

1.0603 74 73

1.0862 856

1.2672 80 75

1.4741 80

1.5000 92

1.5259 1109

1.6552 86

1.7069 110

1.8621 99

1.9138 135

2.1207 impact
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Zero-Gravity Test
Cylinder Height 0.5 ft.
Input Voltage 18 Volts

g I !

Time (sec) Tw (°F) T2 (°F) T3 (°F)

0.0000 74 74 75

0.1795 214

0.3077 75

0.3590 76

0.4872 429

0.7949 678 77

0.8974 77

1.1026 80 79

1.2051 939

1.3333 88 82

1.5385 101 86

1.6667 1184

1.7436 122 93

1.875

1.9487 1334 151 104

2.1026 impact

159



Gravity Test
Cylinder Height 0.5 ft.
Input Voltage 18 Volts

Time(sec) Tw (°F) T2(°F)

0.0000 77 77

0.1271 158

0.3305 78

0.3814 341

0.5593

0.6610 546

0.7627 82

0.9661 97

1.0169 761

1.1695 101

1.3729 110

1.4237 967

1.5763 124

1.7797

1.8051 142

1.8814 1147

2.0085

2.0339 162

2.2119

2.2373 185

I

T3 (°F)

77

78

79

80

83

86

89

93

98

103
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Gravity Test
Cylinder Height 0.5 ft.
Input Voltage 18 Volts

! ! I

Time (sec) Tw (°F) T2 (°F) T3 (°F)

0.0000 76 76 76

0.1293 156

0.3879 350 77 77

0.6724 570

0.8793 91 79

1.0086 796

1.0862 99 81

1.2931 105 84

1.4483 1016

1.5000 118 88

1.7069 137 92

1.9138 97

1.9397 158

1.9655 1204

2.1207 102

2.1724 183
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Zero-G ravity Test
Cylinder Height 0.5 ft.
Input Voltage 36 Volts

I I I

Time (sec) Tw (°F) T1 (°F) T4 (°F)

0.0000 68 66 66

0.1034 182

0.1552 78

0.2069 68

0.3879 667

0.4397 228

0.4914 70

0.7241 546 77

0.8276 1276

0.9052 90

1.0862 922 106

1.3190 124

1.4224 1814

1.5517 1228 140

1.7586 154

1.9655 166

2.1207 impact
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Zero-Gravity Test
Cylinder Height 0.5 ft.
Input Voltage 32 Volts

I t I

Time (sec) Tw (°F) T2 (°F) T3 (°F)

0.0000 70 70 71

0.1293 241

0.1810 71

0.2328 72

0.4397 630 72

0.5690 75

0.6207 76

0.7759 82

0.8534 1106 85

0.9569 94

1.0603 101

1.1379 110

1.2414 128

1.3448 129

1.3707 1581

1.4483 166

1.5517 152

1.6810 215

1.7845 182

1.9138 274

2.1207 impact
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Zero-Grarity Test
Cylinder Height 0.5 ft.

Input Voltage 36.5Volts

Time (sec) Tw (°F) T2 (°F) T3 (°F)

0.0000 68 68 69

0.1810 387 70

0.2069 69

0.4655 73

0.5172 73

0.5948 946

0.6724 85

0.7241 85

0.8793 104

0.9310 110

1.0862 130

1.1121 1576

1.1379 152

1.3190 158

1.3707 216

1.5517 195

1.6293 295

1.7845 241

1.8879 377

2.1207 impact
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Gravity Test
Cylinder Height 0.5 ft.
Input Voltage 35 Volts

Time (sec)

0.0000

0.1795

0.2564

0.2821

0.5897

0.6154

0.6923

0.8205

0.8974

1.0256

1.0769

1.1282

1.2564

1.3077

1.4872

1.5385

1.7179

1.7436

1.9744

2.2308

2.2564

I !

Tw (°F) T2 (°F)

76 76

426

1005

1588

78

86

107

138

170

207

262

341

426

T3 (°F)

76

8O

91

109

132

153

171

188

208

247
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Gravity Test
Cylinder Height 0.5 ft.
Input Voltage 36 Volts

Time(sec)

0.0000

0.1810

0.2586

0.4655

0.5948

0.6207

0.6724

0.8276

0.8793

1.0603

1.0862

1.1379

1.2931

1.3190

1.5259

1.5776

1.7585

1.8621

1.9914

2.1983

o ! !

Tw (°F) T2 (°F) T3 (°F)

75 76 76

370 77

942

1589

78

94

178

231

330

404

490

587

79

88

104

126

150

172

195

232
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Zero-Gravity Test
Cylinder Height 1 ft.

Input Voltage 36 Volts

i , !

Time (sec) Tw (°F) Tz (°F) T3 (°F)

0.0000 78 76 76

0.0783 86

0.2348 78 77

0.2870 400

0.5739 83 82

0.6261 940

0.7826 96 93

0.9913 116 110

1.1478 1582

1.2000 139 129

1.4087 160 145

1.6174 158

1.6435 179

1.8522 168

1.8783 196

2.0870 176

2.1130 impact 210
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Gravity Test
Cylinder Height 1 ft.

Input Voltage 36 Volts

Time(sec)

0.0000

0.1293

0.2586

0.4397

0.6207

0.8276

0.8793

1.0345

1.2414

1.4741

1.7069

1.9138

2.1207

2.1466

Tw (°F)

78

202

665

1306

1820

I

T2 (°F)

76

78

86

100

120

140

156

170

184

206

I

T3 (°F)

76

78

84

97

114

131

144

154

161

168
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Zero-Gravity Test
Cylinder Height 1 ft.

Input Voltage 35 Volts

| ! I

Time (sec) mw (°F) T1 (°F) T4 (°F)

0.0000 68 68 68

0.1034 184

0.1810 69

0.3103 69

0.3879 656

0.4655 79

0.6724 172

0.6983 72

0.8276 1290

0.8793 77

0.9310 439

1.0862 84

1.2672 828

1.2931 93

1.5000 103

1.6810 1135

1.7069 111

1.9138 120

2.1207 impact 121

2.1983 1286
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Gravity Test
Cylinder Height 1 ft.

Input Voltage 36 Volts

Time(see)

0.0000

0.1565

0.1826

0.2870

0.4696

0.5217

0.6261

0.7043

0.7565

0.9391

0.9913

1.0174

1.1478

1.3565

1.5913

1.8000

1.8261

1.9826

2.0348

2.2435

2.2696

Tw (°F) TI (°F)

76 75

274

780

1442

76

99

284

553

874

1074

1112

Q

T4 (°F)

74

75

76

81

9O

100

110

119

127

132

138

170


